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Degradable  polymer  hydrogels  of  several  types  were 

polymerized  by  thermal  solution  polymerization  or  gamma 

solution  polymerization  of  the  vinyl  monomers  acrylic  acid 

(AA)  and  N-vinyl  pyrrolidone  (NVP)  to  be  used  as  coatings  for 

tissue  scaffolds.   It  was  attempted  to  synthesize  hydrogels 

which  would  last  for  2-4  weeks.   The  solvent  for  the 

polymerizations  was  phosphate  buffered  saline  (PBS) .   The 

crosslinking  agents  used  were  bovine  serum  albumin  (BSA)  or 

dextran  which  were  alkylated  by  stirring  them  in  PBS  with 

glycidyl  acrylate  (GA) .   This  introduced  a  double  bond  into 

their  structures  and  allowed  them  to  participate  in  the  free 

radical  polymerization  of  the  AA  and  NVP,  and  resulted  in 

their  being  covalently  bound  to  the  three  dimensional  polymer 

hydrogel  networks.  These  modified  natural  polymers  introduced 

enzymatic  and  hydrolytic  degradability  into  the  hydrogels. 
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The  initiator  used  in  the  thermal  solution  polymerizations  was 
ammonium  persulfate  (APS) . 

The  modification  of  the  BSA  and  dextran  was  verified  by 
FT-IR  and  NMR.  Evidence  of  the  conjugated  ester  stretch  was 
found  in  the  modified  albumin  (MA)  spectrum  in  FT-IR  as  well 
as  the  C-H  out-of-plane  bending  peak  for  the  terminal  vinyl 
group.  The  olefinic  protons  introduced  into  the  BSA  and  MD 
were  seen  in  the  NMR  spectra  between  7.5  ppm  and  6.6  ppm,  and 
between  6.3  ppm  and  5.9  ppm,  respectively. 

Thermal  solution  polymerizations  were  successful  with  AA. 
Acrylic  acid  was  simultaneously  polymerized  in  PBS  in  the 
presence  of  MA  or  MD,  and  APS  at  60°C.  Attempts  to  polymerize 

NVP  and  mixtures  of  AA  and  NVP  by  thermal  solution  polymeriza- 
tion failed  and  it  was  concluded  that  APS  is  not  a  suitable 
initiator  for  the  polymerization  of  NVP.  Gamma  solution 
polymerization  of  AA  and  NVP  in  PBS  in  the  presence  of  MA  or 
MD  yielded  degradable  hydrogels. 

The  swelling  and  degradation  behavior  of  the  hydrogels 
was  investigated  by  swelling  them  in  PBS,  activated  papain, 
activated  trypsin,  trypsin  in  PBS,  1  M  HCl,  and  TRIS-HCl 
buffer.   They  were  also  degraded  in  1  M  HCl  at  100°C  for 

-24  hours.  Acrylic  acid/MA,  AA/MD,  NVP/MA,  and  NVP/MD 
hydrogels  were  found  to  degrade  in  the  presence  of  activated 
papain,  activated  trypsin,  trypsin  in  PBS,  and  in  1  M  HCl  at 
lOO^C.   Degradable  hydrogels  were  synthesized  with  a  range  of 

lifetimes  from  1  day  to  4  weeks. 
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CHAPTER  1 
GENERAL  INTRODUCTION  AND  BACKGROUND 


1.1  General  Introduction 

Damaga  to  natural  tissues  and  organs  due  to  disease  or 
injury  may  require  repair  or  total  replacement.  Tissue 
scaffolds  can  be  used  to  repair  or  replace  tissues  and  organs 
by  utilizing  the  natural  healing  processes  of  the  host. 
Natural  tissue-derived  scaffolds  may  require  degradable 
hydrogel  coatings  to  prevent  premature  degradation  by 
proteolytic  enzymes  released  in  the  normal  inflammatory 
response,  to  prevent  encrustation  by  mineral  deposits,  to  fill 
spaces  and  to  retard  cell  ingrowth  (1,  2).  The  degradable 
hydrogels  should  remain  as  a  coating  on  the  scaffold  for  the 
duration  of  the  inflammmatory  response.  The  molecular  weight 
of  the  degradation  products  should  be  less  than  68,000  (3). 
This  is  the  molecular  weight  cut  off  point  for  the  perme- 
ability of  proteins  through  the  glomerular  capillaries  of  the 
kidney  (3)  .  This  time  period  of  degradation  can  be  tailor 
made  by  variations  in  monomer,  initiator,  and  crosslinking 
agent  concentrations,  in  the  monomer  solution,  and  the  time  of 
polymerization  (4) . 

The  purpose  of  this  study  was  to  synthesize  degradable 
hydrogels,  and  characterize  their  swelling  and  degradation 
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behavior.  Variations  in  the  components  included  in  the 
monomer  solution  were  studied.  The  hydrogels  were  designed  to 
be  used  as  coatings  for  scaffolds  in  a  variety  of 
applications. 

Degradable  hydrogels  of  several  types  were  synthesized. 
The  biodegradable  hydrogel  components  were  made  from  poly- 
merization of  acrylic  acid  (AA)  or  N-vinyl  pyrrolidone  (NVP) 
and  were  cross linked  with  bovine  serum  albumin  or  dextran 
functionalized  with  glycidyl  acrylate  (GA) .  The  acrylic  acid 
was  polymerized  by  thermal  polymerization  with  ammonium 
persulfate  as  initiator  or  by  gamma  (7)  polymerization.  The 
NVP  was  polymerized  by  7  polymerization  only  (5,  6) . 

The  swelling  and  degradation  behavior  of  the  gels  were 
investigated  by  swelling  them  in  phosphate  buffered  saline 
(PBS)  ,  activated  papain  solution,  activated  trypsin  solutions, 
IM  HCl,  and  Tris-HCl  buffer.  They  were  also  degraded  in  1  M 
HCl  at  100°C  -24  hours. 

1.2  Background 

1.2.1  Description  of  Hydrogels 

Hydrogels  are  three  dimensional  crosslinked  polymeric 
networks  which  swell  in  the  presence  of  water.  They  are 
insoluble  in  water  and  may  have  water  contents  between  30%  and 
95%  (7,  8,  9,  10).  They  are  synthesized  by  polymerization  of 
hydrophilic  natural  or  synthetic  vinyl-type  monomers  or  by 
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chemical  modification  of  pre-existing  polymers  (7,  8,  10). 
Hydrophobic  monomers  can  also  be  included  in  the  polymeri- 
zation to  improve  their  mechanical  properties  (8) . 

Hydrogels  are  soft,  highly  permeable,  hydrophilic,  and 
are  easily  cast  into  desired  shapes.  These  properties  as  well 
as  their  water  content  make  them  good  materials  for  biomedi- 
cal, agricultural,  and  food  industry  applications  (7,  8,  9, 
10)  .  Hydrogels  have  good  biocompatibility  due  to  their 
hydrophilicity  and  water  content;  however,  these  properties 
also  cause  them  to  have  poor  mechanical  stability.  They  are 
often  utilized  as  coatings  for  polymer  substrates  with  good 
mechanical  properties  to  improve  their  surface  characteris- 
tics. A  specific  example  of  this  would  be  a  hydrogel  coating 
for  a  preformed  device  or  implant  that  will  come  in  contact 
with  biological  fluids  (8,  10).  Table  1-1  provides  a  summary 
of  the  various  applications  reported  for  hydrogels  (7,  8,  9). 


TABLE  1-1 
Summary  of  Applications  for  Hydrogels 


COATINGS 


Sutures 

Catheters 

lUD's 

Blood  Detoxicant 

Sensors  (electrodes) 
Tissue  Derived  Prostheses 
Vascular  Prostheses 
Artificial  Skin 
Degradable  Coatings 


BULK  MATERIALS 

Contact  Lenses 
Artificial  Corneas 
Estrus-Inducer 
Breast  and  Other 

Soft  Tissue  Substitutes 
Burn  Dressings 
Bone  Ingrowth  Sponge 
Dentures 
Ear  Drum  Plug 
Absorbent  Material 

(hygienic  aids,  wound 

dressings) 


DRUG  RELEASE  DEPOTS 

Antibiotics 
Anticoagulants 
Anticancer  Drugs 
Antibodies 

Drug  Antagonists 
Enzymes 

Contraceptives 
Estrus-Inducer 
Antibacterial  Agents 
Dead  or  Living  Cells 

OTHER  APPLICATIONS 

Soil  Modifiers 

(Agriculture) 
Moisture-Releasing  Agents 

(Agriculture) 
Thickening  Agents 
(Food  industry) 


Source:   Reference  7,  8  and  9 


1'2.2   Classifications  of  Degradable  Polymers 


Monomers  and/or  crosslinking  agents  which  are  susceptible 
to  hydrolytic  or  enzymatic  attack  can  be  included  in  the 
polymerization  process  to  introduce  biodegradability  into 
hydrogels  which  would  otherwise  not  be  degradable  (9) .  There 
are  several  terms  used  to  describe  polymers  that  purposely 
degrade  in  a  short  period  of  time  upon  exposure  to  biological 


5 

agents  (organisms,  organelles,  or  enzymes) .  These  terms  are 
biodegradable,  bioerodible  or  bioassimilable,  bioresorbable, 
and  bioabsorbable  (11,  12) .  Biodegradable  polymers  undergo 
enzymatic  degradation  in  a  given  physiological  or  microbial 
environment.  Enzymes  capable  of  degrading  the  polymers  are 
able  to  cause  a  chemically  recognizable  cleavage  of  the 
molecular  structure  of  the  polymer.  As  a  result  of  the 
cleavage,  the  integrity  of  the  polymer  is  lost,  leaving 
fragments  or  other  degradation  products  (11,  12).   t:   .V 

According  to  Kumar,  bioerodible  or  bioassimilable 
polymers  are  degraded  by  specific  hydrolytic  processes  with  no 
participation  of  enzymes  (12) .  Bioresorbable  polymers  are 
those  which  degrade  into  low  molecular  weight  materials 
normally  involved  in  metabolic  pathways.  Examples  of 
bioresorbable  polymers  are  poly (a -hydroxy  acids)  such  as 
poly  (lactic  acid)  and  poly(/3-hydroxy  acids)  such  as  poly(j8- 
malic  acid)  (12) .  Bioabsorbable  polymers  are  degraded  by 
solubilization  and  elimination  with  no  degradation  of  the 
macromolecules .  An  example  would  be  slow  dissolution  of  water 
soluble  implants  in  body  fluids  (12) . 

1.2.3  Description  of  Tissue  Scaffolds 

Non-degradable  or  biodegradable  hydrogels  can  be  used  as 
coatings  for  tissue  scaffolds.  They  can  be  used  to  improve 
biocompatibility,  to  protect  the  scaffold  from  the  normal  in- 
flammatory response,   and  to  prevent   encrustation  with 
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minerals.  Tissue  scaffolds  are  biomedical  devices  used  to 
promote  regeneration  and  repair  of  biological  tissues  within 
living  organisms.  They  can  be  made  of  degradable  natural  or 
synthetic  polymeric  materials.  They  provide  temporary 
replacement  for  tissues  which  have  been  damaged  due  to  disease 
or  injury.  Initially,  the  scaffold  provides  support  for 
ingrowth  of  surrounding  tissue  and  mechanical  strength.  With 
time,  the  scaffold  degrades,  ultimately  disappears,  and  is 
replaced  by  normal  tissue  from  the  host  (2,  6,  13). 

Tissue  scaffolds  can  be  used  in  various  applications  such 
as  regeneration  of  nerve,  periodontal,  urinary,  and  vascular 
tissues.  They  can  also  be  used  as  artificial  skin,  ligaments, 
and  tendons.  The  rate  of  degradation  of  polymers  used  partly 
determines  the  success  of  the  scaffold.  In  some  applications, 
a  rapidly  degrading  scaffold  may  be  needed  while  in  others 
slow  degradation  is  needed.  This  creates  a  need  to  control 
the  rate  of  degradation  of  the  polymer. 

The  porosity  of  the  scaffold  is  also  important.  The 
percent  of  porosity  as  well  as  pore  size  determines  the  extent 
of  tissue  ingrowth.  In  addition,  porosity  controls  the 
transport  of  materials  (fluids,  nutrients,  oxygen)  to  and  from 
the  tissue  or  organ  (14,  15). 

Surface  properties  of  the  scaffold  material  influence 
cell  adhesion  and  tissue  ingrowth  as  well  and  are  especially 
critical  for  controlling  nucleation  and  growth  of  mineral 
deposits,  and  absorption  of  proteins. 
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Tissue  scaffolds  must  also  meet  the  basic  requirements 
for  biomaterials.  They  must  have  the  physical  properties, 
strength,  elasticity,  and  permeability  necessary  for  a 
particular  application.  They  must  be  easily  purified, 
fabricated,  and  sterilized,  and  maintain  physical  properties 
and  function  in  vivo  over  a  desired  period  of  time.  They 
should  not  induce  undesirable  host  reactions  such  as  clotting, 
tissue  necrosis,  carcinogenesis,  allergenic  responses  or  im- 
munogenic responses  (16) . 

1.2.4  Applications  for  Biodegradable  Hydroqels 

Degradable  hydrogels  have  been  used  in  many  applications. 
Bioerodible  hydrogels  have  been  used  as  microspheres  to  entrap 
and  immobilize  water  soluble  molecules  such  as  proteins, 
enzymes,  antigens,  insulin,  albumin,  and  various  drugs  (11, 
17,  18,  19) .  Dextran  hydrogels  have  been  made  by  reacting  the 
dextran  hydroxy  1  groups  with  GA  to  form  a  3 -aery loy  1-2 -hydroxy 
propyl  ether,  and  crosslinking  with  N,N' -methylene  bisacryl- 
amide  (NNMBA)  (17) .  Starch  hydrogels  have  also  been 
synthesized  by  the  same  method.  Starch  xanthide  gels  have 
been  used  to  encapsulate  pesticides  (17) . 

Another  bioerodible  hydrogel  system,  described  by  Heller, 
(17,  18)  is  composed  of  a  polyester  prepared  from  a  water 
soluble  linear  polymer  containing  backbone  or  pendant 
unsaturation,  which  is  crosslinked  by  copolymerization  with  a 
water  soluble  monomer  such  as  NVP  or  AA.  The  system  is  eroded 
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by  hydrolysis  of  ester  linkages  which  leads  to  the  production 
of  poly (ethylene  glycol)  (PEG),  and  a  poly(N-vinyl 
pyrrolidone)   (PNVP)  modified  by  vicinal  carboxylic  acid 

f  groups.   These  hydrogels  were  used  as  microspheres  to  entrap 

and  immobilize  bovine  serum  albumin  (BSA) ,  for  sustained 
release  by  erosion  of  the  hydrogel  matrix.   The  rate  of 

^  release  was  controlled  by  varying  the  crosslink  density,  and 

:■,  by   incorporating   activating   diacids   with   an   electron 

withdrawing  group,  with  fumaric  acid  and  polyesters  which  had 
unsaturation  in  their  backbone.   The  diacids  enhanced  the 

r.  hydro  lytic  instability  of  the  polyester  and  increased  the  rate 

of  BSA  release  by  matrix  erosion  (17,  18) . 

Bioerodible  hydrogels  based  on  NVP  or  acrylamide  (AM) 
cross  linked  with  NNMBA  were  found  to  be  inadequate  as 
bioerodible  microspheres  for  immobilization  of  macromolecules 
in  a  study  by  Heller  et  al.  (17,  18).  The  rate  of  cleavage  of 
the  hydrogel  matrix  by  way  of  hydrolysis  was  too  slow  if  the 
crosslinking  agent  was  present  at  a  concentration  of  more  than 
1%.  The  macromolecules  were  released  by  diffusion  from  the 
matrix  when  the  concentration  of  the  crosslinking  agent  was 
less  than  1%.  This  was  unacceptable.  Microspheres  of  this 
system  with  crosslink  densities  which  would  prevent  diffusion 
of  macromolecules  did  not  erode  at  rates  which  are  suitable 

/  for  the  application  (17,  18). 

Biodegradable  hydrogels  susceptible  to  enzymatic 
degradation  have  been  made  with  composites  of  natural  and 
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synthetic  materials,  Hydrogels  for  oral  drug  delivery  were 
developed  in  a  study  by  Park,  involving  hydrophilic  synthetic 
monomers  (AA,  AM)  polymerized  in  the  presence  of  BSA  modified 
with  GA  (as  crosslinking  agent)  and  ammonium  persulfate  (APS) 
as  an  initiator.  These  hydrogels  degraded  in  the  presence  of 
trypsin  or  pepsin  by  cleavage  of  the  albumin  crosslinks.  The 
rate  of  degradation  was  affected  by  the  concentration  of  the 
monomer  and  the  modified  BSA  (5) . 

Hydrogels  synthesized  by  Subr  et  al.  (19)  from 
N-(2-hydroxypropyl)  methacrylamide  crosslinked  with 
oligopeptide  sequences  degraded  in  the  presence  of  lysosomal 
enzymes  or  chymotrypsin.  Their  degradation  was  dependent  on 
the  equilibrium  degree  of  swelling,  the  length  of  the 
oligopeptide  chain,  and  the  structure  of  the  amino  acid 
residues.  These  were  developed  for  use  in  controlled  delivery 
of  anticancer  agents  (19)  . 

In  studies  by  Dickinson  et  al.,  a  poly(a-amino  acid)  was 
found  to  degrade  in  the  presence  of  the  enzymes  papain  and 
pronase  in  vitro,  and  also  during  the  first  two  weeks  of 
implantation  in  rats  in  vivo.  In  the  in  vivo  study,  peptide 
bonds  were  cleaved  by  proteolytic  enzymes  released  during  the 
acute  and  chronic  stages  of  the  inflammatory  response. 
Poly(2-hydroxylethyl-L-glutamine)  was  prepared  from 
poly(7-benzyl-L-glutamate)  in  the  presence  of  benzene, 
ethanolamine  and  crosslinking  agent  diaminododecane  (20,  21)  . 
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Gelatin  hydrogels  have  been  made  by  three  methods  which 
include  heat  treatment,  aldehyde  treatment,  and  chromic  acid 
treatment  as  pointed  out  by  Heller  et  al.  They  have  been  used 
as  nanospheres  and  microspheres  for  delivery  of  mitromycin  C 
to  the  liver,  spleen,  and  lungs.  The  presence  of  residual 
aldehyde  in  treated  gelatins  causes  a  toxicity  problem 
resulting  in  tissue  death  (17) . 

Crosslinked  albumin  hydrogel  microspheres  are  produced  by 
either  heat  treatment  (100°C)  or  gluter aldehyde  crosslinking 

(17)  .  The  microspheres  can  be  readily  removed  from  the 
vascular  system  by  phagocytes  and  provide  a  useful  means  of 
drug  delivery  to  endocytic  cells  (17) . 

Gelatin  hydrogels  have  also  been  prepared  by  grafting 
vinyl  monomers  to  the  polypeptide  backbone  (17) .  The  gels 
were  degraded  by  an  inoculum  of  Pseudomonas  aeruginosa, 
Bacscillus  subtilis  and  Serratia  marcescens.  The  amount  of 
biodegradation  decreases  with  an  increase  in  the  amount  of 
grafting  sites  on  the  gelatin  backbone  (17) . 

Hydrogels  made  from  copolymerzation  of  hydrophilic  and 
hydrophobic  a-amino  acids  were  found  to  have  biodegradation 
properties  based  on  the  concentration  of  the  hydrophilic 
component  (17)  .  They  were  made  from  mixtures  of  the 
hydrophilic  monomer  L-aspartic  acid  and  the  hydrophobic 
monomers  L-leucine,  j8-methyl-L-aspartate,  and 
/3-benzyl-L-aspartate.  The  biodegradability  of  the  resulting 
hydrogels  increased  with  an  increase  in  hydrophilicity  of  the 
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copolymers.  A  similar  polymer  hydrogel  system  based  on  a 
copolymer  of  glutamic  acid  and  ethyl  glutamate  was  found  to 
increase  biodegradation  as  the  concentration  of  the 
hydrophilic  glutamic  acid  increased  (17) . 

Chitin,  a  hydrophobic  polysaccharide,  can  be  made 
hydrophilic  by  partial  deacetylation  of  the  N-acetyl 
glucosamine  units  in  strong  alkali  (17) .  Hydrogels  of  chitin 
are  made  by  reaction  of  the  free  amino  groups  of  the  partially 
deacetylated  chitin  with  gluteraldehyde .  These  gels  are 
lysozyme  degradable  (17)  . 

1.2.5   Polymers  and  the  Inflammatory  Response 

Natural  or  synthetic  polymeric  materials  which  are  intro- 
duced into  a  living  organism  are  treated  as  foreign  bodies  and 
will  induce  an  inflammatory  response  (16,  20,  21)  .  This 
response  is  the  major  reaction  to  foreign  bodies  in  the 
extrayascular  system  (16) .  Inflammation  occurs  in  the 
vicinity  of  the  foreign  body  where  proteins  and  cells  try  to 
digest,  enzymolyse,  and  convert  it  into  metabolites  which  can 
be  eliminated  by  the  organism  (16) .  If  the  organism  is  unable 
to  metabolize  the  foreign  body,  it  will  attempt  to  wall  the 
foreign  body  off  by  encapsulating  it  with  fibrous  collagen 
scar  tissue  (16) .  Fibrous  ingrowth  will  occur  in  porous 
foreign  body  materials  (16,  20,  21). 

Inflammatory  cells  release  enzymes  that  may  cause 
degradation  of  polymeric  materials.  This  could  cause  loss  of 


12 

mass,  loss  of  mechanical  properties,  and  loss  of  the  specific 
function  that  the  polymers  are  intended  to  provide.  The  acute 
inflammatory  response  occurs  during  the  first  three  or  four 
days  of  implantation  (20,  21) .  This  response  is  designed  to 
destroy  biological  materials.  Neutrophils  are  the  major  group 
of  phagocytic  cells  which  proliferate  during  this  period  and 
are  found  immediately  adjacent  to  the  foreign  body.  These 
cells  can  initiate  rapid  degradation  of  the  major  components 
of  the  extracellular  matrix  in  tissue-derived  scaffolds  by 
releasing  low  levels  of  proteolytic  enzymes.  The  enzymes 
released  encompass  proteases  which  include  collagenase, 
elastase,  and  cathepsins.  These  enzymes  attack  polypeptide 
bonds  in  both  natural  and  synthetic  polymers  (20,  21,  22). 

According  to  Dinkinson  et  al.,  after  the  first  four  days 
of  implantation,  the  chronic  inflammatory  response  begins  (20, 
21)  .  The  neutrophils  are  replaced  by  granulation  tissue  which 
consists  of  histiocytes  which  release  higher  levels  of  proteo- 
lytic enzymes  than  the  neutrophils.  The  histiocytes  present 
are  mast  cells,  macrophages,  and  proliferating  fibroblasts. 
Capillaries  are  also  found  in  the  granulation  tissue.  Mast 
cells  release  chymotrypsin-like  proteases.  Macrophages 
release  high  levels  of  cathepsins,  carboxypeptidase, 
collagenase,  and  leucine  amino  peptidase.  The  chronic 
inflammatory  response  lasts  two  weeks  unless  the  implant  or 
foreign  body  irritates  the  host  tissue  (20,  21). 
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The  enzymes  released  during  the  acute  and  chronic 
inflammatory  responses  are  a  threat  to  the  stability  of 
tissue-derived  scaffolds  which  are  primarily  made  of  collagen. 
Protection  for  such  scaffolds  can  be  obtained  by  coating  them 
with  enzyme  degradable  hydrogels  that  must  hold  their 
integrity  at  least  2  to  4  weeks.  In  doing  so,  they  would 
protect  the  scaffolds  from  the  acute  and  chronic 
inflammatory  responses.  Table  1-2  summarizes  the  stages  of 
the  inflammatory  response  (16,  20,  20,  23). 


TABLE  1-2 
The  Stages  of  the  Inflammatory  Response 


ACUTE  INFLAMMATORY  RESPONSE 


Duration: 
Cells  Involved: 
Enzymes  Released: 


3-4  days  after  implantation 

Neutrophils 

Collagenase       ^- v^ 

Elastase 

Cathepsins     „   ^ 


..  j- 


CHRONIC  INFLAMMATORY  RESPONSE 


Duration: 


Cells  Involved: 


Enzymes  Released: 


4-12  days  and  longer  after 
implantation 

Graunulation  tissue 
Mast  Cells 
Macrophages 
Proliferating 
Fibroblasts 
Capillaries 

Chymotryps in-like 
Proteases 

Cathepsins 

Carboxypeptidase 

Leucine  Amino- 
peptidase 


Source:   References  20  and  21 
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1.2.6  Mechanism  of  Tn  Vivo   Degradation  for  Polymers 

Polymers  which  are  introduced  into  a  living  organism  have 
been  observed  to  undergo  physiological  degradation  in  a 
systematic  manner  as  Kumar  pointed  out  (11) .   There  are  four 
stages  of  degradation,  which  include  hydration,  biodegra- 
dation,  bioerosion,  and  solubilization.   The  hydration  stage 
involves  swelling  of  the  polymer.   In  this  stage,  there  is  an 
immediate  reduction  in  the  mechanical  strength.   There  are 
very  few  broken  bonds,  however,  disruption  of  the  secondary 
and  tertiary  structures  occurs  by  the  breaking  of  van  der 
Waals'  forces  and  hydrogen  bonds  (11).    The  extent  of 
hydration  which  occurs  in  a  given  polymer  depends  on  the 
hydrophilic  nature  of  the  polymer  (11) . 

The  biodegradation  stage  involves  cleavage  of  covalent 
bonds  in  the  polymer  backbone.   The  extent  of  biodegradation 
depends  on  the  molecular  structure  of  the  polymer  and  the 
types  of  enzymes  involved  (11) . 

Bioerosion  is  characterized  by  loss  of  polymer  mass,  and 
absorption  of  the  polymer  (11) .  Here  the  polymer  is  further 
degraded  into  oligomers.  This  stage  is  also  marked  by  loss  of 
the  physical  and  mechanical  integrity  of  the  polymer.  The 
polymer  may  become  a  friable  or  gelatinized  mass.  The  extent 
of  bioerosion  that  occurs  is  a  function  of  the  Tg  of  the 
polymer,  its  conformation,  and  its  crystallinity. 

The  final  stage  of  in    vivo    degradation  is  that  of 
solubilization  (ll) .    This  stage  can  also  be  called  the 
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bioassimilation  stage.  Oligomers  of  the  bioeroded  polymer  are 
either  solubilized  into  intracellular  fluids  or  engulfed  by 
phagocytic  cells  and  eventually  transported  to  the  lymphatic 
system.  Eventually,  the  total  mass  of  the  polymer  is  lost  as 
a  result  of  this  solubilization  process.  Table  1-3  summarizes 
the  stages  of  In  vivo   polymer  degradation  (11) . 


TABLE  1-3 
The  Four  Stages  of  In  Vivo   Polymer  Degradation  (14) 


1. 


HYDRATION 


Disruption  of  van  der  Waals' 
forces  and  hydrogen  bonds 


2. 


3. 


4. 


STRENGTH  LOSS 


LOSS  OF  MASS 


SOLUBILIZATION 


Initial  cleavage  of  backbone 
covalent  bonds 

-Biodegradation 

Further  cleavage  of  covalent 
bonds  to  low  molecular  weight 
levels 

-  Bioerosion 

Dissolution  of  low  molecular 
weight  species  and  phagocytosis 
of  small  fragments 

-Bioassimilation 


Source:   Reference  11 
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CHAPTER  2 
MODIFICATION  AND  CHARACTERIZATION  OF  ALBUMIN  AND  DEXTRAN 


2.1  Introduction 

The  hydrogels  in  this  study  were  made  degradable  by 
introducing  enzymatically  and  hydrolytically  degradable 
crosslinks.  Albumin  and  dextran  were  functionalized  with  GA 
to  introduce  double  bonds  into  their  structure  by  methods 
similar  to  those  introduced  in  studies  by  Park  (5)  and  Edman 
et  al.  (6) .  This  enabled  these  natural  polymers  to  partici- 
pate in  the  solution  free  radical  chain  polymerization  of  AA 
and  NVP.  The  results  of  the  polymerizations  were  hydrogels 
with  albumin  or  dextran  crosslinks  which  were  covalently 
bonded  to  the  poly (acrylic  acid)  (PAA)  or  PNVP  matrices.  The 
hydrogels  were  designed  to  degrade  when  introduced  into  living 
organisms.  The  hydrogels  with  albumin  crosslinks  were 
expected  to  degrade  due  to  the  proteolytic  enzymes  released 
during  the  inflammatory  response  (16,  20,  21,  22) . 

The  hydrogels  with  dextran  crosslinks  were  expected  to 
degrade  due  to  hydrolytic  mechanisms  by  enzymes  that  catalyze 
the  degradation  of  polysaccharides  (11) .  Hydrolases  which 
catalyze  the  hydrolytic  cleavage  of  ester,  amide  or  ether 
linkages,  should  degrade  dextran  at  the  ether  linkages  located 
at  carbons  1  and  6  or  at  the  third  carbon  of  the  chain  linking 

16 


17 
unit  (Figure  2-1)   (11,  24).    Lysosomal  enzymes  from  the 
reticuloendothelial   system   will   degrade   dextran   (acid 
hydrolases)  (17,  25,  26).  i 

Serum  albumin  (MW  67,000  -  69,000)  is  a  low  molecular 
weight  protein  which  is  the  major  component  (60%)  found  in 
mammalian  blood  plasma  besides  water  (27,  28,  29)  .  it 
provides  important  transport  functions  for  fatty  acids,  drugs, 
antigens,  K"*",  Na"*",  Ca"*",  hormones,  and  other  hydrophobic 
substances  (27,  28,  29).  The  colloid  osmotic  pressure  of 
blood  is  also  regulated  by  this  protein  which  is  a  single 
polypeptide  chain  consisting  of  585  amino  acids  (27,  28,  29, 
30)  . 

Serum  albumin  has  adjacent  cysteine  residues  which  are 
the  basis  for  its  structure.  It  has  a  repeating  loop 
structure  formed  by  disulfide  bridges,  with  a  total  of  nine 
loops  which  form  three  domains.  These  three  domains  each 
contain  two  large  loops  and  one  small  loop.  The  large  loops 
are  forty-six  amino  acid  residues  long  and  the  small  loops  are 
sixteen  amino  acids  long  (28,  29,  30). 

Serum  albumin  is  soluble  in  water  and  diluted  salt 
solutions  in  the  pH  range  between  4  and  8.5,  and  assumes 
several  conformational  structures  over  this  pH  range  (28,  29). 
It  has  an  acidic  character  due  to  the  large  percentage  (20- 
25%)  of  amino  acids,  glutamic  acid  and  aspartic  acid  (28,  29). 
Figures  2-2,  2-3,  2-4  show  portions  of  the  structure  of 
albumin  (28,  30). 
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Albumin  as  a  Specific  Binding  Protein  for  Drugs  ^n<;i  Endogenous  Qompounds 


DOMAINS  1 

SUBDOMAINS    1AB        1C 

LOOPS  1     2         3 


2AB        20 
4    5         6 


I 


SAB       30 
7    8         9 


i 


Fig. 2. 2.   Loop  structure  of  bovine  serum  albumin  indica- 
ting disulphide  bonds  forming  loops,    s\ibdomains 
and  domains.      Source:      Reference  30 


Bilirubin 

V 


J 


Long-chain 
fatty  acid 


K-i 


tr' 


(Aspirin)' 


Fig. 2. 3.  Diagram  of  albumin  primary  structure  showing  its 
eight  and  a  half  double  disulfide  loops  and  some 
suggested  binding  sites.   Source:   Reference  28 
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Fig. 2. 4.  Primary  structure  of  the  carboxy- terminal  double 
loop  of  bovine  serum  albumin,  the  "Phe  fragment" 
Note  the  proposed  overlapping  configuration  of 
the  loops  at  the  Cys-Cys  pair. 
Source:   Reference  30 
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Dextran  is  a  high  molecular  weight  glucose  polymer 
produced  by  the  action  of  Leuconostoc  meseteroides  on  sucrose 
(31).  This  poly(a-D-glucopyranoside)  has  been  used  as  plasma 
substitutes  or  extenders  (24,  31).  Figure  2-5  shows  the 
structure  of  the  repeat  unit  of  dextran  (24) . 

Glycidyl  acrylate  modifies  albumin  and  dextran  by 
attaching  pendant  groups  containing  double  bonds  onto  their 
structure.  Figures  2-6  and  2-7  show  the  reactions  involved  in 
the  modification.  Glycidyl  acrylate  probably  reacts  with  free 
amine  groups  which  might  be  provided  by  amino  acids  trytophan, 
asparagine,  glutamine,  lysine,  arginine,  and  histidine  (32). 
All  of  these  a-amino  acids  have  one  or  more  amine  groups 
present  in  their  R  group  (32) .  The  reaction  results  in  a  3- 
acryloyl-2-hydroxypropyl  amine.  Glycidyl  acrylate  reacts  with 
the  hydroxyl  groups  of  dextran  to  form  a  3-acryloyl-2- 
hydroypropyl  ether  (6) . 

Verification  of  the  modification  of  albumin  and  dextran 
with  GA,  can  be  obtained  by  analyzing  them  with  FT-IR  and  NMR. 
Infrared  spectroscopy  and  NMR  are  two  spectroscopic  methods 
which  can  be  used  to  determine  the  molecular  structure  of  a 
compound  (33) .  Infrared  spectroscopy  is  a  vibrational 
spectroscopy  which  detects  the  normal  minute  vibrations  that 
occur  naturally  within  molecules  with  bonds  that  possess  a 
dipole  moment  (33,  34).  It  provides  a  fingerprint  for 
identification  by  producing  information  about  the  molecular 
structure,  symmetry  and  functional  groups  present  in  a  given 
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Figure  2.5.   Repeat  unit  of  dextran.   Source:   Reference  24 
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molecule  (33) .  The  sample  is  irradiated  with  infrared  (IR) 
radiation  which  causes  a  quantum  of  mechanical  transition  to 
occur  between  two  vibrational  energy  levels.  The  energy 
difference  AE  between  the  two  vibrational  energy  levels  is 
directly  related  to  the  frequency  of  IR  electromagnetic 
radiation  incident  on  the  sample  and  is  given  by; 

AE  =  E2  -  El  =  hv  =  photon 
A  plot  of  absorbance  or  transmittance  vs.  wavelength  is 
recorded  and  the  positions  and  intensities  of  the  absorbance 
peaks  found  provides  information  about  the  structure  of  the 
molecule  (33)  . 

Infrared  spectroscopy  can  be  used  to  distinguish  between 
the  types  of  bonds  that  are  present  in  a  molecule  (33).  Each 
bond  can  be  modelled  as  a  system  involving  two  balls  with 
masses  ml  and  m2,  held  together  by  a  spring  with  a  force 
constant  k.  The  normal  mode  of  vibration  for  this  system  is 
simple  harmonic  oscillation  about  its  equilibrium  position 
with  all  atoms  moving  in  phase  at  the  same  frequency.  The 
center  of  gravity  of  the  system  does  not  move.  Each  bond  has 
a  characteristic  frequency  at  which  it  vibrates  given  by: 

V  =  1/n   V(k//u) 
where  m  is  the  reduced  mass,  k  is  the  spring  force  constant 
(Nm-1) .  The  bond  will  absorb  IR  radiation  which  has  the  same 
frequency  as  its  characteristic  frequency  of  vibration.   The 
amount  of  energy  absorbed  by  the  molecule  is  given  by: 
A  =  logioVI 
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The  spectral  transitions  of  the  molecule  are  detected  by 
scanning  the  frequency  of  IR  radiation  and  continuous 
monitoring  of  the  transmitted  or  absorbed  light  intensity. 
The  range  of  frequencies  of  interest  is  from  4000  -  400  cm-1 
or  2.5  -  25  vim  (34)  . 

Nuclear  magnetic  resonance  spectroscopy  can  provide 
information  about  the  types  and  numbers  of  nuclei  that  are 
present  in  a  molecule  (33) .  Information  is  obtained  from  the 
magnetic  properties  of  the  nuclei  present.   Magnetic  nuclei 
have  spins  which  move  about  in  a  circular  motion.    This 
circulation  causes  a  magnetic  moment  (l^)  to  form  due  to  the 
positive  charge  of  the  protons  in  the  nucleus.    The 
distribution  of  the  charge  about  the  spinning  magnetic  nuclei 
determines  the  value  of  I^.   Magnetic  nuclei  with  a  spherical 
charge  distribution  have  an  I^  of  1/2  (^H,  ^^C,  1%,  ^^f,    29si 
and   P)  .   Magnetic  nuclei  with  nonspherical  (quadrapolar) 
charge  distributions  have  magnetic  moments  of  1,  3/2,  2,  etc. 
(2d,  \i,llB,  1%,  17o,  and  23Na)  (33). 

Samples  in  NMR  spectroscopy  are  placed  between  the  poles 
of  a  strong  laboratory  magnet  with  magnetic  field  B^  (telsa) . 
In  the  absence  of  this  field  all  of  the  spin  orientations  in 
the  magnetic  nuclei  are  the  same.  When  the  field  is  applied 
in  H-NMR  the  magnetic  moments  of  the  nuclei  with  spin  I  = 
1/2  can  align  parallel  (l^  =  +1/2)  or  antiparallel  (I^  =  -1/2) 
with  the  direction  of  the  applied  field.   These  two  states 
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have  well  defined  energies  E2;  I^  =  -1/2  and  Ej;  I^  =  +1/2. 
The  I^  =  -1/2  state  is  the  less  favorable  state  and  has  a 
higher  energy.  The  difference  between  these  two  energy  states 
(AE)  in  a  magnetic  nucleus  is  used  to  determine  the  structure 
of  a  molecule.   This  energy  is  given  by: 
AE  =  E2  -  El  =  (h/27r)7QBo 
where  h  is  Planck's  constant  and  jq   is  the  gyromagnetic  ratio. 
Each  distinct  nucleus  has  a  characteristic  AE  which  depends  on 
the  nuclear  properties  which  are  found  in  the  gyromagnetic 
ratio  and  the  value  of  the  applied  field  B^.   Every  nucleus 
has  a  distinct  gyromagnetic  ratio  (33) . 

Once  the  energy  separation  between  the  spin  states  is 
achieved,  a  second  magnetic  field  Bj  is  applied  to  the  sample 
to  detect  the  presence  of  the  two  different  spin  states 
present  in  each  distinct  nucleus.  The  field  Bj  has  a 
characteristic  frequency  u.  This  frequency  can  be  adjusted 
until  it  reaches  a  frequency  p^  which  has  the  same  energy  hp 
as  the  energy  difference  between  the  two  spin  states  of  the 
nucleus.  When  this  energy  is  absorbed  by  the  nucleus  and  a 
conversion  of  the  spin  state  from  +1/2  to  -1/2  occurs.  This 
resonance  energy  is  detected  electronically  and  provides 
information  about  the  nucleus.   The  resonance  frequency  is: 

"0  =  7G(Bo)/2'r 
The  Bj  frequency  is  varied  so  that  each  type  of  nucleus  comes 
into  resonance  and  gives  a  spike  like  signal  (33). 
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Each  nucleus  in  a  molecule  can  be  characterized  according 
to  a  parameter  known  as  the  chemical  shift  (S)  (33)  .  This  is 
the  variation  of  the  resonance  frequency  v  with  the 
electronic  structure  of  the  nucleus.  The  resonance  frequency 
of  a  given  nucleus  is  a  function  of  its  electronic 
environment,  the  applied  field  Bj,  and  jq.  The  electronic 
structure  of  a  nucleus  can  affect  its  resonance  frequency  by 
interaction  of  its  electron  cloud  with  B^.  The  electron  cloud 
can  either  increase  or  decrease  the  strength  of  B^.  The  field 
around  the  nucleus  is  actually  given  by: 

^local  =  ^o^^~^) 
where  a  is  the  shielding  or  the  measure  of  the  ability  of  the 
electrons  to  alter  B^.  The  shielding  of  a  nucleus  varies  from 
compound  to  compound  and  within  compounds  due  to  changes  in 
the  environment  which  surrounds  it.  With  this  in  mind  the 
resonance  frequency  of  a  nucleus  is  given  by: 

"o  =  7GVl-'')/2»r 
The  chemical  shift  is  measured  in  terms  of  the  parts  per 
million  of  the  magnetic  field  (33).  In  jH  a  reference, 
usually  tetramethylsilane  (TMS)  is  used.  The  distance  delta 
in  parts  per  million  of  the  resonance  of  the  nuclei  in  the 
compound  from  the  resonance  of  TMS  is  the  standard  expression 
for  chemical  shift.   The  equation  for  S   is  given  by: 

5(ppm)  =  distance  from  TMS  in  Hz 
value  of  Bj  in  MHz 
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Interaction  between  nuclei  can  be  determined  by  the 
splitting  of  the  resonance  peaks  at  a  given  chemical  shift 
(33) .  The  nucleus  of  interest  has  one  magnetic  environment 
when  a  neighboring  magnetic  nucleus  is  at  +1/2  and  another 
when  it  is  at  -1/2.  This  results  in  the  resonance  of  the 
nucleus  containing  two  peaks.  This  influence  of  neighboring 
spins  on  the  multiplicity  of  the  peaks  is  called  spin-spin 
coupling.  The  quantity  J  is  the  distance  between  the  two 
peaks  for  the  resonance  of  one  nucleus  split  by  another  and  is 
called  the  coupling  constant  (33). 

The  quantity  of  a  particular  type  of  nucleus  present  in 
a  compound  can  be  determined  by  electronic  or  mechanical 
integration  of  the  resonance  peaks  (33) .  The  absorbance  of 
energy  when  the  nuclear  spins  of  the  protons  flip  from  the 
+1/2  state  to  the  -1/2  state  is  directly  proportional  to  the 
number  of  spins  present  in  the  molecule  (33) . 

FT-IR  should  be  able  to  detect  the  ester  carbonyl  which 
is  in  conjugation  with  the  double  bond.  The  c=o  stretch  will 
be  between  1715-1730  cm"^  (35) .  There  should  also  be  evidence 
of  the  terminal  vinyl  with  the  c=c  stretch  between  1648  cm"^ 
and  1638  cm"^  and  C-H  out  of  plane  bending  bands  at  995-985  cm' 
and  915-905  cm"^  (35) .  A  c-c(=o)-o  stretch  should  be  present 
between  1300-1000  cm"^  (35) .  The  MD  should  have  a  c-o-c 
stretch  between  1150-1085  cm'^  since  an  ether  is  formed  in  the 
reaction  (6,  35) . 
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NMR  is  expected  to  show  the  presence  of  the  terminal 
vinyl  with  chemical  shifts  5  ppm  for  CH-^   protons  and  6  ppm 

for  the  =C-H  proton  for  both  modified  albumin  (MA)  and  MD  (35)  , 
The  modification  of  albumin  and  dextran  with  GA  introduces  an 
ABX  system  to  the  macromolecules , 

*  2,3  Materials  and  Methods 

2.2.1  Materials 

Phosphate  buffered  saline  (PBS)  was  prepared  from  A.C.S. 
reagent  grade,  sodium  phosphate  dibasic  heptahydr ate ,  sodium 
phosphate  monobasic  monohydrate,  and  sodium  chloride  obtained 
from  Aldrich.   The  PBS  was  adjusted  to  pH  7.2  if  necessary  by 
sodium  hydroxide  and  hydrochloric  acid  (Fisher  Scientific) . 
The  modified  albumin  (MA)  was  prepared  from  bovine  serum 
albumin   (BSA)   [Fisher   Biotech   or   Boehringer   Mannheim 
Biochemicals  BSA  fraction  V,  heat  shock,  MW  68,000]  modified 
with  GA  (Aldrich) .   Glycine  (Aldrich)  was  used  to  quench  the 
reaction.  Dextran  (MW  225,000,  Sigma)  was  also  modified  with 
GA.   The  MA  and  MD  were  dialyzed  using  Spectra/-Por  Dialysis 
Membrane  from  Spectrum  (reorder  #  132128)  with  a  molecular 
weight  cut  off  (MWCO)  of  50,000.  All  water  used  for  solutions 
was  purified  by  the  Barnstead  Nanopure  Ultrapure  Water  System. 
The  MA  and  MD  were  prepared  for  analysis  with  Nuclear  Magnetic 
Resonance  Spectroscopy  (NMR)  by  lyopholyzing  them  with  the 
Labconco  Lyph-Lock  4.5  liter  Freeze  Dryer.    They  were 
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dissolved  in  D2O  (Aldrich)   and  analyzed  with  a  General 
Electric  QE-300  or  NT-300  ^H~NMR  Spectrometer  at  7.05  Telsa  in 
narrow  bore  5  mm  sample  tubes.  Trimethylsilylpropionate  (TSP) 
was  used  as  an  external  reference.  Fourier  Transform  Infrared 
Spectroscopy  (FT-IR)  of  the  MA  and  MD  were  carried  out  with  a 
Nicolet  20SXB  FT-IR  Spectrometer,  The  spectra  were  run  with 
2   wavenumber   resolution   and   triglyceryl   sulfate   as   a 
reference.   The  circle  cell  used  for  solution  MA  samples  was 
from  Spectratech  with  a  ZnSe  crystal.   The  spectrophotometer 
was  purged  with  liquid  nitrogen  before  the  spectra  were  run. 
Anhydrous  potassium  bromide  (KBr)  from  Fisher  was  used  to  make 
KBr  pellets  for  analysis. 

2.2.2   Methods 

2.2.2.1  Modification  of  albumin 

Bovine  serum  albumin  (BSA)  was  modified  using  a  procedure 
by  Park  (5) .   A  5%  solution  of  BSA  was  prepared  with  PBS  as 
the  solvent.  In  the  study  by  Park  5  ml  of  the  5%  BSA  solution 
was  modified  by  adding  200  fil   GA  and  stirring  for  5  hours  (5)  . 
In  our  study  the  GA  was  stirred  with  the  5%  BSA  solution  for 
5-24  hours.  After  5  to  24  hours  1  ml  of  glycine  was  added  to 
the  MA  to  quench  the  reaction  between  the  BSA  solution  and  the 
GA,  and  the  solution  was  stirred  for  an  additional  30  minutes. 
The  solution  was  then  purified  by  dialysis  for  at  least  24  - 
72  hours  or  until  the  smell  of  the  GA  was  eliminated. 
Phosphate  buffered  saline  was  used  as  the  dialyzing  medium. 


-5^1 


31 

Unreacted  GA  and  glycine  was  removed  from  the  MA  solution  by 
dialysis.  The  solution  was  dialyzed  in  1500  -  2000  ml  of  PBS. 
The  PBS  was  changed  three  times  or  more  at  least  every  6 
hours.  After  dialysis  the  MA  was  placed  in  vials  and  frozen. 

2.2.2.2  Modification  of  dextran 

Dextran  was  modified  using  a  combination  of  the 
procedures  by  Edman  et  al.  and  Park  (5,  6).  A  14.7%  solution 
of  dextran  was  prepared  (MW  225,000)  with  PBS  as  the  solvent 
(5  g  dextran  in  29  g  PBS) .  Two  ml  of  GA  were  added  into  the 
solution  and  allowed  to  stir  at  room  temperature  (RT)  for 
seven  days.  The  MD  was  dialyzed  with  3-4  changes  of  the  PBS 
dialyzing  medium  (1500  -  2000  ml  for  each  change.  Dialysis  was 
continued  until  the  smell  of  the  GA  was  eliminated) .  After 
dialysis  the  MD  was  placed  in  vials  and  stored  in  the 
refrigerator  at  4°C. 

2.2.2.3  FT-IR  of  modified  albumin 

FT-IR  was  used  to  verify  the  modification  of  the  albumin. 
The  presence  of  the  ester  carbonyl  or  the  c=c  bond  from  the  GA 
was  investigated,  as  well  as  the  ester  c-(c=o)-o  stretch. 

Modified  albumin  was  analyzed  in  solution  form  using  a 
circle  cell  sample  holder  and  in  solid  form  by  KBr  pellets. 
The  circle  cell  was  used  to  obtain  spectra  of  the  solutions  of 
MA,  PBS,  un-modified  albumin  (UMA) ,  GA  in  PBS,  and  glycine  in 
PBS.  Subtraction  spectra  were  obtained.  The  PBS  spectrum  was 


32 

subtracted  from  the  MA  and  UMA  spectra  making  the  assumption 
that  all  of  the  free  GA  and  glycine  were  removed  from  the  MA 
during  dialysis. 

HA  was  also  analyzed  by  FT-IR  spectroscopy  in  KBr  pellets 
(0.0015  g  MA  in  0.150  g  KBr).  The  MA  in  liquid  form  was 
lyopholized  to  yield  solid  MA.  Spectra  were  run  on  pure 
albumin  from  both  Fisher  and  Boehringer  Mannheim  (BM) ,  MA 
modified  with  GA  for  5  hours,  and  MA  modified  with  GA  for  24 
hours.   No  subtraction  spectra  were  generated. 

2.2.2.4  FT-IR  of  modified  dextran 

Modified  dextran  was  analyzed  by  FT-IR  in  KBr  pellets 
(0.0015  g  MD  in  0.150  g  KBr).  Spectra  of  pure  unmodified 
dextran  (UMD)  and  MD  were  obtained  and  compared.  No 
subtraction  spectra  were  generated.  These  spectra  were  run  to 
verify  the  c=c  double  bond,  the  c-o-c  stretch  and  the  ester 
c=o  stretch  which  should  have  been  introduced  by  the  GA. 

2.2.2.5  NMR  of  modified  albumin  and  modified  dextran 
Crosslinking  agents  (MA  and  MD)  modified  with  GA  were 

analyzed  with  NMR  to  verify  that  the  modification  was 
successful.  The  MA  and  MD  solutions  were  lyopholized  and  then 
dissolved  in  D2O.  A  concentrated  solution  ~1  g  in  5  ml  was 
used  for  the  MA  while  a  very  dilute  solution  was  used  for  the 
MD.  The  presence  of  peaks  indicating  terminal  vinyl  groups 
was  investigated  since  GA  introduces  a  double  bond  to  the 
albumin  and  dextran. 
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2.3   Results  and  Discussions 
2. 3.1     FT-IR  of  Modified  Albumin 

The  FT-IR  spectra  of  liquid  samples  of  UMA  and  MA 
appeared  to  be  very  similar  (figures  2-8,  2-9,  2-10).   (The  MA 
samples  were  reacted  for  5  hours . )  The  subtraction  spectra  of 
UMA  minus  PBS  (UMA-PBS)  and  MA  minus  PBS  (MA-PBS)  were  also 
compared  (figures  2-11,  2-12) .  In  both  the  MA-PBS  and  UMA-PBS 
spectra  there  is  a  peak  at  1550  cm"^.   This  peak  is  stronger 
in  the  UMA  spectra.   The  MA-PBS  spectra  has  a  strong  peak  at 
about  1650  cm'^  which  is  not  present  in  the  UMA  spectra.  There 
is  a  peak  in  the  UMA  spectra  at  about  1610  cm'^  which  seems  to 
appear  as  a  shoulder  on  the  1650  cm"^  peak  in  the  MA-PBS 
spectra.   Information  about  the  FT-IR  spectra  of  amino  acids 
should  give  some  insight  on  the  bands  found  in  the  FT-IR 
spectra  obtained.   Amino  acid  sodium  salts  have  a  strong 
carboxylate  asymmetrical  stretch  between  1600  cm"^  and  1590  cm" 
and  a  weak  symmetrical  stretch  at  1400  cm'^.   Amino  acid 
hydrochloride  or  other  salts  have  a  weak  asymmetrical  bending 
band  near  1610-1590  cm"^  and  a  relatively  strong  symmetrical 
NH3+  bending  at  1500-1481  cm'^.   There  is  also  a  strong  band 
at  1220-1190  cm-^  due  to  the  stretching.   Strong  carbonyl 
absorption  occurs  between  1755  cm"^  and  1700  cm"^  for  amino 
acid  hydrochlorides  (Figure  2-13)  (35). 
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Figure  2-8.  FT-IR  spectra  of  5%  pure  unmodified  albumin  (circle  cell) 
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Figure  2-9.    FT-IR  spectra  of  modified  albumin  3/1/91  (circle  cell) 
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Figure  2-10.   FT-IR  spectra  of  modified  albumin  4/25/91  (circle  cell) 
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Figure   2-11.      FT-IR  spectra   of  UMA-PBS  vs.    MA-Al-PBS    (circle   cell) 
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Figure  2-12.    FT-IR  spectra  of  UMA-PBS  vs  MA-B-PBS  (circle  cell). 
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Albumin  is  made  of  20-25%  glutamic  acid  and  aspartic 
acids,  which  have  carboxylate  anions.  This  could  be  the  cause 
of  the  peak  at  1550  cm"^.  The  shift  of  the  peak  out  of  1590- 
1600  cm"^  for  the  amino  acid  carboxylate  anion  could  be  due  to 
the  fact  that  albumin  is  a  polymer  of  amino  acids  which  have 
been  condensed  into  amide  bonds.  There  is  also  a  peak  in  both 
the  MA  and  UMA  spectra  at  1400  cm''  which  may  correspond  to  the 
weak  symmetrical  stretching  (35)  .  The  peak  at  1650  cm''  in  the 

MA  spectra  was  probably  due  to  the  conjugated  ester  carbonyl 
introduced  by  the  GA. 

The  MA  and  UMA  samples  analyzed  in  KBr  pellets  are  shown 
in  figures  2-14,  2-15,  2-16,  2-17  and  2-18.   All  of  the 
spectra  have  the  bands  characteristic  for  carboxylate  anion 
(1650  cm''-1550  and  1400  cm'')  .  The  MA  spectra,  have  two  peaks 
which  were  not  present  in  the  UMA  spectra.  These  are  peaks  at 
1000  cm''  and  1080  cm''.  The  peak  at  1000  cm"'  is  probably  due 
to  the  out-of -plane  C-H  bending  vibrations  of  the  vinyl  (- 
CH=CH2)  double  bond  added  to  the  albumin  due  to  the  GA.   The 
peak  at  1080  cm"'  was  probably  due  to  the  alcoholic  C-0  stretch 
which  for  secondary  alcohols  occurs  between  1124  cm''  and  1087 
cm"'.   This  peak  could  also  be  due  to  the  C-C(=0)-0  ester 
stretching  which  occurs  between  1300  cm"'  and  1000  cm"'  (35)  . 
The  ester  carbonyl  added  to  the  BSA  by  GA  was  probably  over- 
shadowed by  the  peak  at  1650  cm-1  from  the  carboxylate  anion. 
The  MA  spectra  have  a  slight  shoulder  at  this  peak  which  is 


00     -1 


UJ 

u 


cn 


CM     H 

on 


<E  CD    - 

cc  ^ 


iv! 


o 


\ 


purP  albumin  B  M 


6/3/92 


/ 


V 


4000    3175    2350    1525 
WRVENUMBER 


700 


Figure  2-14.      FT-IR  spectra  of  pure  albumin  BM  (KBr) 
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Figure  2-15, 


FT-IR  spectra  of  modified  albumin  reacted  for  5  hours 
(KBr) . 
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Figure  2-16. 


FT-IR  spectra  of  modified  albumin  reacted  for  24  hours 
(KBr) . 
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Figure  2-17.   FT-IR  spectra  UMA  BM  vs  MA  5  hours  (KBr) . 
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Figure   2-18.         FT-IR   spectra   of   UMA  BM  vs   MA   24    hours    (KBr) 
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probably  due  to  the  conjugated  ester  carbonyl.  The  shoulder 
in  the  24  hour  MA  is  more  prominent  than  that  in  the  5  hour 
MA. 

2.3.2  FT-IR  of  Modified  Dextran 

Pure  dextran  and  modified  dextran  (MD)  were  analyzed  in 
KBr  pellets  only.  Their  spectra  are  shown  in  figures  2-19,  2- 
20,  2-21,  2-22.  The  MD  spectra  have  a  peak  which  was  not 
present  in  the  unmodified  dextran  (UMD)  spectra  at  1700  cm'^. 
This  was  probably  due  to  the  conjugated  ester  carbonyl 
introduced  by  the  GA.  This  peak  is  the  only  difference 
between  the  MD  and  UMD  spectra. 

2.3.3  ^H-NMR  of  Modified  Albumin 

Pure  unmodified  albumin  and  MA  were  analyzed  in  D^O  by 
H-NMR  with  TSP  as  an  external  reference.  Figure  2-23  is  a 
spectra  of  pure  UMA  in  the  range  between  8.80  ppm  and  -1.33 
ppm.  Figure  2-24  is  an  expanded  spectra  of  pure  UMA.  The 
large  peak  at  -4.7  ppm  is  the  water  peak.  Figure  2-25  is  a 
spectra  of  MA  in  D2O  which  was  modified  by  stirring  for  5 
hours  with  GA  as  described  in  section  2.2.2.1.  The  peaks  in 
the  range  between  6.7  ppm  and  7.4  ppm  are  evidence  of  the  CH2= 
and  C-CH=  protons,  introduced  by  the  double  bond  in  GA. 
These  peaks  were  not  present  in  pure  albumin  spectra  (Figures 
2-23  and  2-24) .   Figure  2-26  is  a  spectra  of  MA  modified  by 
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Figure  2-19.   FT-IR  spectra  of  pure  dextran  (KBr) . 
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Figure  2-20.   FT-IR  spectra  of  modified  dextran2  (KBr). 
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Figure  2-21.    FT-IR  spectra  of  modified  dextran  (KBr) . 
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Figure  2-22.    FT-IR  spectra  of  UMD  vs  modified  dextran2  (KBr). 
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Stirring  with  GA  for  lo  hours.  The  peaks  in  this  spectra  were 
very  broad  compared  to  those  in  Figure  2-25.    This  was 
probably  due  to  the  fact  that  more  free  -NHj  groups  were 
modified  at  this  longer  reaction  time  and  the  various 
locations  in  the  albumin  had  different  chemical  shifts.  There 
also  may  have  been  some  crosslinking  of  the  albumin  structure. 
The  broad  peak  between  6.6  ppm  and  7.3  ppm  was  due  to  the 
presence  of  the  0^2=   and  C-CH=  protons.   Figures  2-27,  2-28 
and  2-29  are  expansions  of  the  peaks  between  3.61  ppm  and 
0.29  ppm  for  pure  UMA,  MA  (5  hours),  and  MA  (lo  hours), 
respectively.  Similarities  in  these  three  spectra  can  be  seen 
if  they  examined  and  compared.   Figures  2-30,  2-31  and  2-32, 
are  spectra  expansions  of  the  peaks  between  7.89  ppm  and  6.04 
ppm,  for  pure  UMA,  MA  (5  hours),  and  MA  (lo  hours),  respec- 
tively. No  significant  peaks  show  up  in  the  pure  UMA  spectra. 
The  MA  (5  hours)  and  MA  (lo  hours)  spectra  show  indications  of 
the  presence  of  olefinic  protons,  in  the  region  between  6.85 
ppm  and  7.45  ppm.  The  MA  (lO  hours)  spectra  has  a  large  broad 
band  in  the  region  between  6.75  ppm  and  7.45  ppm.   In  figure 
2-31  the  peaks  at  6.85  ppm  and  7.15  ppm  are  probably  those  for 
the  A  and  B  protons  of  the  ABX  system  introduced  by  the  GA. 
The  peaks  between  7.25  ppm  and  7.5  ppm  are  probably  due  to  the 
X  proton  in  the  ABX  system,  in  Figure  2-31.  Figure  2-33  shows 
a  schematic  of  the  ABX  structure  formed  in  modification  of  the 
albumin. 
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Figure  2.33.  The  ABX  Syst^n . 

Source:   Reference  35 
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2.3.4     ^H-NMR  of  Modified  Dextran 

Pure  UMD  and  MD  were  analyzed  in  D2O  by  ^H-NMR  with  TSP 
as  an  external  reference.   The  MD  spectra  showed  chemical 
shifts  characteristic  of  an  ABX  system  involving  terminal 
vinyl  protons.   Figure  2-34  is  a  spectra  of  pure  UMD  in  the 
range  between  5.07  ppm  and  3.38  ppm.   There  were  no  signifi- 
cant peaks  present  above  5.4  ppm  when  the  pure  UMA  was 
analyzed.  Figure  2-35  is  a  spectra  of  MD  in  the  range  between 
6.57  ppm  and  2.88  ppm.   The  peak  at  4.75  ppm  occurred  due  to 
water.  Peaks  above  5.5  ppm  showed  evidence  of  the  ABX  system 
introduced  into  the  dextran  during  modification.  The  peaks  at 
5.61  ppm  were  probably  due  to  the  A  and  B  protons  and  the 
peaks  around  6.3  ppm  to  5.9  ppm  are  probably  due  to  the  X 
protons.   Figure  2-36  is  an  expansion  of  region  between  4.06 
ppm  and  3.38  ppm  in  pure  UMD,  and  figure  2-37  is  an  expansion 
of  that  region  for  MD.   The  peaks  in  the  UMD  spectra  are 
sharper  than  those  in  the  MD  spectra  but  the  chemical  shifts 
and  shapes  of  the  peaks  are  the  same  in  both  spectra.   Figure 
2-38  and  2-39  are  spectra  of  UMD  and  MD,  respectively  in  the 
region  from  6.69  ppm  to  4.69  ppm.   Once  again  it  can  be  seen 
that  there  was  nothing  significant  above  5.4  ppm  for  UMD  and 
that  the  presence  of  olefinic  protons  is  indicated  above  5.3 
ppm  in  MD.   Figure  2-40  is  an  expansion  of  the  MD  spectra  in 
the  region  between  6.69  ppm  and  4.69  ppm  showing  more  detail 
in  the  olefinic  proton  peaks. 
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2.4  Conclusions 

Albumin  and  dextran  were  modified  with  GA  to  enable  them 
to  participate  in  the  radical  polymerization  of  AA  and  form 
covalently  bonded  degradable  crosslinks.  The  modifications 
were  verified  by  comparing  FT-IR  and  NMR  spectra  of  these  pure 
and  modified  natural  polymers.  The  results  showed  evidence 
that  the  GA  was  covalently  bonded  to  the  albumin  and  dextran, 
and  that  the  amount  increased  with  reaction  time. 


CHAPTER  3 
POLYMERIZATIONS  TO  FORM  DEGRADABLE  POLYMER  HYDROGELS 


3.1  Introduction 
3.1.1  Hvdroqels  of  Biomedical  Applications 

Hydrogels  are  three  dimensional  crosslinked  polymeric 
networks  which  have  a  high  affinity  for  water  (36) .  (Figure 
3-1  gives  a  schematic  structure  for  hydrogels) .  They  are  held 
together  by  crosslinks  which  may  be  due  to  cohesive  forces, 
hydrogen  bonds,  ionic  bonds  or  covalent  bonds  (36) . 

When  placed  in  water  and  other  aqueous  solutions,  dry 
hydrogels  can  swell  up  to  as  much  as  200  times  their  original 
weight  without  dissolving.  Some  gels  may  also  be  swellable  in 
organic  solvents  and  are  termed  organogels  (36) .  The  amount 
of  swelling  and  the  properties  of  the  hydrogels  depend  on 
hydrogel  composition,  crosslink  density  and  the  swelling 
medium  (8,  36,  37) . 

Hydrogels  are  ideal  for  use  in  biomedical  applications 
because  they  have  physical  properties  which  are  similar  to 
natural  tissues  (38)  .  They  have  high  permeabilities  for  water 
and  small  ions  or  molecules  (8)  .  Their  high  water  content  (30 
-  95%)  gives  them  similar  diffusive,  mechanical,  interfacial, 
and  adsorption  properties  as  living  tissues.   These 

66 


67 


u 

I 


<n 


i! 


68 

properties  allow  biomolecules  to  bind  to  hydrogel  surfaces  and 
retain  their  biological  activity  (39) . 

Hydrogels  have  a  soft  rubbery  consistency,  low 
interfacial  tension,  are  pliable  when  they  are  wet,  and  are 
easily  machinable  when  they  are  dry.  They  can  also  be 
fabricated  into  various  geometrical  shapes  during  the 
polymerization  process,  and  are  easily  purified  due  to  the 
ability  to  extract  unwanted  reaction  by-products  and  unreacted 
monomer  before  use,  due  to  the  open  structure  and  rapid 
diffusive  transport  (8,  37,  39). 

3.1.2  Polymerization  of  Hvdroaels 

Hydrogels  can  be  fabricated  by  several  polymerization 
processes.  They  can  be  formed  by  the  bulk  or  solution 
polymerization  of  vinyl  monomers  or  mixtures  of  vinyl  monomers 
in  the  presence  of  crosslinJcing  agents  and  appropriate 
initiators  (free  radical,  redox,  anionic,  cationic)  (8,  38, 
40) .  Pre-existing  polymers  can  be  fabricated  into  hydrogels 
by  modifying  them  chemically  or  physically  to  introduce 
crosslinks  (8,  40).  Polymers  can  be  crosslinked  chemically  in 
bulk  or  in  solution  by  mixing  them  with  initiators  and  cross- 
linking  agents  (8,  40)  .  Gamma-irradiation  can  also  be  used  to 
crosslink  linear  homopolymers  and  or  copolymers  to  form 
hydrogels  (40) .  Mixtures  of  polymers  with  opposite  charges 
can  form  physically  crosslinked  polyelectrolyte  complex 
hydrogels  (8,  38,  40). 
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Four  classes  of  vinyl  monomers  have  been  used  in  the 
polymerization  of  hydrogels  which  are  neutral,  anionic  or 
acidic,  cationic  or  basic,  and  crosslinkers  (8)  .  Table  3-1 
summarizes  the  various  types  of  monomers  that  have  been  cited 
in  the  literature,  some  of  the  initiators  that  have  been  used 
as  well  as  other  solvents  (8,  37,  40,  41). 
i^,..  /;  In  this  study  AA  and  NVP  were  solution  polymerized  with 
ammonium  persulfate  as  the  initiator,  MA  or  MD  as  the  cross- 
linking  agent  and  PBS  as  the  solvent  at  60"c. 

3.1.3   Factors  Which  Affect  Hvdroael  Properties 

The  monomers  used  in  polymerization  of  hydrogels 
determine  their  physical  and  chemical  properties.  The 
hydrophilicity  of  the  monomers  will  determine  their  mechanical 
properties  as  well  as  the  amount  of  swelling.  More  hydro- 
phi  lie  monomers  produce  hydrogels  with  a  high  water  content, 
good  biocompatibility  and  poor  mechanical  properties  (8,  40). 
More  hydrophobic  monomers  produce  hydrogels  with  good  mech- 
anical properties,  low  water  content  and  poor  biocompatibility 
(8,  40)  .  Mixtures  of  hydrophilic  and  hydrophobic  monomers  can 
be  used  to  optimize  biocompatibility  and  mechanical  properties 
for  a  given  biomedical  application  (8,  40). 

Peppas  et  al.  found  that  the  concentration  of  the  solvent 
(H2O)  during  solution  polymerization  of  hydroxyethyl  methacry- 
late  determines  whether  the  structure  of  the  resulting  hydro- 
gel  is  optically  homogeneous  or  heterogeneous  (38) .  There  is 
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a  critical  concentration  of  solvent  necessary  to  insure 
achievement  of  a  homogeneous  transparent  gel.  If  the  water 
content  exceeds  this  concentration  an  opaque  heterogeneous 
macroporous  hydrogel  results  (38) .  The  water  content  of  all 
hydrogels  determines  the  biocompatibility,  mechanical 
stability,  porosity,  and  the  interfacial  free  energy  of  the 
hydrogels  (8,  42). 

According  to  Hoffman,  the  presence  of  porosity  in  the 
hydrogels  affects  how  they  interact  with  a  biological 
environment  (8) .  The  size  and  concentration  of  porosity  may 
encourage  or  discourage  the  deposition  of  minerals,  tissues, 
cells,  etc.,  within  the  pores  of  the  gel  (8). 

Properties  of  hydrogels  swollen  in  water  are  affected 
significantly  by  the  structure  which  the  water  takes  within 
the  hydrogel.  This  water  structure  affects  the  interaction  of 
the  hydrogel  with  biological  fluids.  Hydrogels  used  for  the 
simulation  of  natural  tissues  must  have  the  ability  to  ex- 
change water  and  body  fluids  if  they  are  to  be  biocompatible 
(8,  41,  42). 
',  The  composition  and  porosity  of  the  hydrogel  determines 

the  structure  of  the  water  in  the  hydrogel.  Hydrogels  with 
cationic  or  anionic  monomers  may  have  water  polarized  around 
charged  ionic  groups.  Neutral  monomers  produce  hydrogels  with 


f^ 
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water  oriented  around  hydrogen  bonds  or  other  dipoles.  Hydro- 
phobic groups  in  hydrogels  may  also  have  water  structured 
around  them.  Porous  hydrogels  have  bulk  water  in  large  pores 
(8,  42). 

There  are  three  types  of  hydrogel  water:  Bulk  water, 
bound  water,  and  inter facial  water.  Hydrogels  with  low  water 
content  have  bound  water  which  is  polarized  or  organized 
around  ions,  hydrogen  bonds  and  dipoles.  Hydrogels  with 
medium  water  content  have  bound  water  as  well  as  interfacial 
water  in  an  ordered  arrangement  around  hydrophobic  groups. 
High  water  content  hydrogels  have  the  addition  of  bulk  water 
imbibed  in  large  pores  (8,  42). 

The  composition  of  the  swelling  medium  in  which  the 
hydrogel  is  swelled  can  affect  the  rate  and  extent  of  swelling 
of  the  hydrogel  as  well  as  the  ability  to  transport  substances 
to  and  from  the  hydrogels.  The  presence  of  electrolytes, 
microsolutes  and  macromolecules  in  the  swelling  medium  affects 
swelling  characteristics  by  altering  the  structuring  of  the 
water  in  the  hydrogel  (38)  .  They  cause  dehydration  of  the 
hydrogels,  compaction  of  the  polymer  network,  a  decrease  in 
the  size  of  pores  and  intermolecular  spaces,  and  a  decrease  in 
the  rate  of  diffusion  (43).  Reactions  also  may  occur  between 
electrolytes,  microsolutes,  and  macromolecules,  and  the 
hydrogel  components,  depending  on  the  properties  of  the 
monomers  that  make  up  the  hydrogel. 
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3.2  Materials  and  Methods 

3.2.1  Materials 

Acrylic  acid  and  N-vinyl  pyrrolidone  were  obtained  from 
Aldrich.  The  AA  was  used  as  received.  Attempts  to  remove  the 
inhibitor  from  the  AA  with  an  Aldrich  column  prepacked  with 
hydroquinone  monomethyl  ether  inhibitor  reaaover  were 
unsuccessful  due  to  a  yellowing  of  the  AA  after  it  was  passed 
through  the  column.  N-vinyl  pyrrolidone  was  purified  by 
distillation.  Modified  albumin,  MD,  and  PBS  were  prepared  as 
described  in  chapter  two.  Ammonium  Persulfate  (APS)  was  used 
as  received  (Aldrich) .  The  monomer  solutions  were  degassed 
with  nitrogen  gas  to  remove  dissolved  oxygen  and  carbon 
dioxide.  The  hydrogel  polymerizations  were  carried  out  in 
glass  molds  made  from  two  4"  x  4"  glass  plates  (Fisher)  with 
silicone  tubing  (American  Scientific  Products)  in  between  them 
held  together  with  binder  clips.  The  glass  molds  were 
siliconized  with  SigmaCote  (Sigma)  to  prevent  the  hydrogels 
from  sticking  to  the  glass  molds.  With  NVP  hydrogels  two 
poly(tetrafluoroethylene)  (PTFE)  sheets  (Faulkners  Plastics, 
Gainesville,  Florida)  were  placed  in  between  the  glass  plates. 
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3-2.2   Polvmerizat-jon  of  Dearadable  Hydroaels 
3.2.2.1  Thermal  polyTTiprization 

Hydrogels  were  polymerized  from  monomer  solutions  which 
contained  AA,  NVP,  or  AA  and  NVP,  as  the  monomers,  PBS  as  the 
solvent,  APS  as  initiator,  and  MA  or  MD  as  the  crosslinking 
agents  using  variations  of  a  method  described  by  Park  (5)  . 
Phosphate  buffered  saline  was  degassed  by  sparging  with 
nitrogen  gas  to  displace  dissolved  oxygen  and  carbon  dioxide. 
In  addition  the  PBS  was  sonicated  under  vacuum,  and  then 
sparged  again  with  nitrogen  gas  and  sealed.    In  earlier 
polymerizations  the  PBS  was  degassed  with  Nj  for  15  to  30 
minutes  and  the  monomer  solution  was  bubbled,  as  well,  for  15 
to  30  minutes.   in  the  later  polymerizations  the  PBS  was 
degassed  with  Nj  for  one  hour  and  sonicated  under  vacuum  for 
30  minutes  and  degassed  again  with  Nj  for  30  minutes.   Some 
monomer  solutions  were  not  degassed  at  all  and  were  used  to 
synthesize  hydrogels  for  comparison  of  degassed  and  non- 
degassed  hydrogel  properties.  The  5%  MA  or  15%  MD  solutions, 
AA  or  NVP,  and  APS  were  measured  out  accordingly,  and  were 
combined  to  form  the  monomer  solution.   The  monomer  was  then 
stirred  for  one  hour  to  insure  escape  of  gases  to  prevent  the 
formation  of  bubbles  in  the  hydrogels.   The  monomer  solution 
was  then  pipetted  into  previously  siliconized  glass  molds,  and 
put  in  an  oven  that  was  preheated  to  60°C.    Table  3-2 
summarizes  the  main  monomer  solution  compositions. 
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TABLE  3-2 
Summary  of  Monomer  Solution  Compositions 

MONOMER  SOLUTION  VOLUME:  20ml  or  50  ml 

MONOMER:  Acrylic  Acid  or  N-Vinyl 

Pyrrolidone  or  Acrylic  Acid/ 

N- vinyl  Pyrrolidone 
MONOMER  CONCENTRATION:    10%,  20%,  30%,  40%,  by  volume  in  PBS 
INITIATOR:  Ammonium  Persulfate  or 

7-irradiation 
INITIATOR  CONCENTRATION:  1%  of  monomer  concentration 

by  weight 
CROSSLINKING  AGENT:       Modified  Albumin  or  Modified  Dextran 
CROSSLINKING  AGENT       3%  or  10%  of  the  monomer 

CONCENTRATION:  concentration  by  weight 

DEGASSING:  Nitrogen  gas,  sonication,  stirring 

POLYMERIZATION  TIMES:     1,  4(6),  12(11) (14),  24(22) 
REACTION  VESSELS:        Siliconized  glass  plate  molds  ;. 
POLYMERIZATION  TEMPERATURE:    60°C 


3.2.2.2   Gamma  irradiation  polymerization 

The  hydrogels  were  polymerized  from  monomer  solutions 
which  contained  AA  or  NVP,  MA  or  MD  and  PBS.  The  PBS  was 
degassed  with  nitrogen  gas  for  15  minutes.  The  components  of 
the  monomer  solutions  were  mixed  together  and  degassed  with 
nitrogen  for  15  minutes.  The  AA  monomer  solutions  were 
pipetted  into  siliconized  glass  molds,  while  the  NVP  monomer 
solutions  were  pipetted  into  glass  molds  with  two  sheets  of 
PTFE  in  between  the  two  glass  plates.  The  reaction  molds  were 
placed  4  inches  from  the  7  source  for  6.33  hours  for  a  dosage 
of  about  0.20  Mrad.  Table  3-3  shows  the  composition  of  the 
monomer  solutions  which  were  polymerized  by  7  polymerization. 
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TABLE  3-3 
Monomer  Solution  Compositions  for 
Polymerized  Hydrogels 


Hvdroqel  1 
40%  NVP  in  PBS 

8ml  NVP 

12  ml  PBS 

0.252  g  MA  (3% 
of  NVP  by  weight) 

Hvdroqel  3 
40%  AA  in  PBS 

8ml  AA 

12  ml  PBS 

0.252  g  MA  (3% 
of  AA  by  weight) 


Hvdroqel  2 
40%  NVP  in  PBS 

8ml  NVP 

12  ml  PBS 

0.252  g  MD  (3% 
of  NVP  by  weight) 

Hydroqel  4 
40%  AA  in  PBS 

8ml  AA 

12  ml  PBS 

0.252  g  MD  (3% 
of  AA  by  weight) 
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3.3  Results  and  Discussion 

3.3.1  Thermal  Polvmerization 

3.3.1.1  Acrylic  acid,   acrylic  acid/modified  albumin  and 
acrylic  acid/modified  dextran  hydroqels 

Acrylic  acid,  AA/MA,  and  AA/MD  hydrogels  were  successfully 

polymerized  by  thermal  polymerization.   Hydrogels  with  a  wide 

range  of  compositions  were  polymerized  and  are  summarized  in 

tables  3-4,  3-5,  3-6  and  3-7.   The  swelling  and  degradation 

behavior  of  these  hydrogels  was  later  analyzed  as  a  function  of 

variations  in  the  monomer  concentration  (10%,  20%,  30%,  40%), 

crosslinking  agent  concentration  (3%,  10%) ,  and  polymerization 

time  (1,  4  or  6,  11  or  12  or  14,  22  or  24  hours).    The 

hydrogels  were  in  the  form  of  gel  sheets  which  could  be  easily 

removed  from  the  glass  plates.   The  sheets  were  allowed  to  dry 

in  air  or  at  60°C,  and  were  cut  into  1.3  cm  discs.  These  discs 

were  further  dried  in  a  dessicator  undet"  vacuum. 

3.3.1.2  N-vinyl  pyrrol idone.  N-vinyl  pyrrol idone /modified 

a  Ibum  in  . and aery  lie acid/  N- viny  1 

pyrrolidone/modif ied  albumin  hydrogels 

Thermal  polymerization  of  NVP  with  APS  as  the  initiator 

was  unsuccessful.   Attempts  to  polymerize  NVP  with  MA  as  a 

crosslinker  failed  as  well.  Acrylic  acid/N-vinyl  pyrrolidone/ 

MA  hydrogels  were  obtained  by  thermal  polymerization  of  the 

monomer  solution  in  the  presence  of  APS  at  60°C,  due  to  the 

polymerization  of  the  AA  only.   This  was  because  APS  reacts 
with  NVP  before  free  radicals  can  be  produced. 
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Table  3-5 
Vital  Statistics  for  Hydrogels  in  Mass  Polymerization  #1 


C  (cs)  =  5% 

Im(w/w%)  =  1% 

Xm(w/w%)  =  3% 

Solvent  =  PBS 


POLYMERIZATION  TIME  =  1  Hour  * 


Gel  # 

Comoosition 

%  Monomer 

1 

AA/MA/APS/N2 

10% 

2 

AA/MA/APS/N2 

20% 

3 

AA/MA/APS/N2 

30% 

4 

AA/MA/APS/N2 

40% 

5 

AA/APS/N2 

No  Cross linking  Agent 

30% 

POLYMERIZATION  TIME  =  4  Hour 


Gel  # 

Comoosition 

%  Monomer 

1 

AA/MA/APS/N2 

10% 

2 

AA/MA/APS/N2 

20% 

3 

AA/MA/APS/N2 

30% 

4 

AA/MA/APS/N2 

40% 

POLYMERIZATION  TIME  =12  HOURS 

Gel  #  Composition  %  Monomer 

1  AA/MA/APS/N2  10% 

2  AA/MA/APS/N2  20% 

3  AA/MA/APS/N2  30%  tp=ll  hrs 

4  AA/MA/APS/N2  40% 


POLYMERIZATION  TIME  =24  HOURS 

Gel  #   Composition  %  Monomer 

1  AA/MA/APS/N2  10% 

2  AA/MA/APS/N2  20% 

3  AA/MA/APS/N2  30% 

4  AA/MA/APS/N2  40%  tp=22  hrs 

5  AA/APS/N2  40% 
No  Crosslinking  Agent 


rifl'. 


^«rr- 
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Table  3-6 
Vital  Statistics  for  Hydrogels 
Polymerized  in  Mass  Polymerization  #2 


C  (cs) 
Im(w/w%) 
Xm(w/w%) 
Solvent 


5% 

1% 

3% 

PBS 


Gel  # 

1 

2 
3 

4 

5 
6 


Gel  # 

1 
2 
3 

4 


Gel  # 
1 
2 
3 


Gel  # 
1 
2 
3 


Gel  # 
1 
2 
3 

4 


Composition 

AA/MA/APS/N2 

AA/MA/APS/N2 

AA/MA/APS/N2 

AA/MA/APS/N2 

AA/MP/APS/N2 

AA/APS/N2 


POLYMERIZATION  TIME  =  1  HOUR 


%  Monomer 
10% 

20% 

30% 

40% 

20% 

30% 


it-  -  :^4 


>^; 


No  Crosslinking  Agent 

POLYMERIZATION  TIME  =  4  HOUR 
Composition        %  Monomer 
AA/MA/APS/N2  10%  '■ 

AA/MA/APS/N2  20% 

AA/MA/APS/N2  30% 

AA/MA/APS/N2  40% 

POLYMERIZATION  TIME  =  6  HOURS 
Composition        %  Monomer 
NVP/MA/7/N2  40% 

AA/MD/7/N2/  40%       i. 

AA/MD/APS/N2  20%     ^   -^ 


POLYMERIZATION  TIME  =  12  HOURS 
Composition        %  Monomer 
AA/MA/APS/N2  10% 

AA/MA/APS/N2  20% 

AA/MD/APS/N2  20%  2  &  3  tp  =  11  hours 

POLYMERIZATION  TIME  =24  HOURS 
Composition        %  Monomer 
AA/MA/APS/N2  10% 

AA/MA/APS/N2  20% 

AA/MD/APS/N2  20% 

AA/APS/N2  40% 

No  Crosslinking  Agent 
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Table  3-7 
Vital  Statistics  for  Hydrogels 
Polymerized  in  Mass  Polymerization  #3 

C  (cs)    =  5% 

Im(w/w%)  =  1% 

Xm(w/w%)  =  10% 

Solvent  =  PBS 

POLYMERIZATION  TIME  =  1  HOUR 


Gel  # 

Composition 

%  Monomer 

1 

AA/MA/APS/N2 

10% 

2 

AA/MA/APS/N2 

20% 

3 

AA/MA/APS/Nj 

30% 

4 

AA/MA/APS/Nj 

40% 

POLYMERIZATION  TIME  =  4  HOUR 

Gel  #  Composition  %  Monomer 

1  AA/MA/APS/N2  1°* 

2  AA/MA/APS/N2  20% 

3  AA/MA/APS/N2  30% 

4  AA/MA/APS/N2  ^^^ 


POLYMERIZATION  TIME  =  14  HOURS 

'        .  ■  ■  -     *  -  ■*  ■  ..^ 

I 


Gel  # 

Composition 

%  Monomer 

1 

AA/MA/APS/N2 

10% 

2 

AA/MA/APS/N2 

20% 

3 

AA/MA/APS/N2 

30% 

4 

AA/MA/APS/N2 

40% 

POLYMERIZATION  TIME  =24  HOURS 

Gel  #  Composition  %  Monomer 

1  AA/MA/APS/N2  1°* 

2  AA/MA/APS/N2  20% 

3  AA/MA/APS/N2  30% 

4  AA/MA/APS/N2  40% 
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The  copolymer  gels  were  not  easily  removed  from  the  glass 
plates.  They  were  very  viscous  and  pasty  liquids.  The  glass 
plates  in  the  glass  molds  were  pulled  apart  leaving  part  of 
the  gel  on  one  plate  and  the  other  part  on  the  other  plate. 
The  gels  were  dried  on  each  glass  plate  in  air  or  in  the  oven 
at  60°C.   Discs  were  cut  out  from  these  gels. 

3.3.2  Gamma  Polymerization 

3.3.2.1  Acrylic  acid/modified  albumin  and  acrylic  acid/ 
modified  dextran  hvdroaels 

Forty  percent  monomer  solutions  of  AA/MA  and  AA/MD  in 

PBS  were  successfully  polymerized  by  7-polymerization.   The 

hydrogels  obtained  were  cut  into  discs  and  dried,  and  were 

later  analyzed  in  swelling  and  degradation  studies. 

3.3.2.2  N-vinvl  pvrrolidone /modified  albumin  and  N-vinvl 
pvrrolidone/modif ied  dextran  hydrogels 

Forty  percent  monomer  solutions  of  NVP/MA  and  NVP/MD  in 

PBS   were   successfully  polymerized   by  7-polymerization. 

Initially  the  NVP/MA  and  NVP/MD  gels   adhered  to  the 

siliconized  glass  plates  and  were  only  removed  from  them  by 

"shovelling"  the  gels  off  with  a  spatula.   Intact  sheets  of 

the  gels  were  not  recoverable.     To  alleviate  this  two 

poly(tetrafluoroethylene)  (PTFE)  sheets  were  placed  in-between 

the  two  glass  plates  with  the  silicone  tubing  separating  them. 
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The  hydrogels  were  successfully  polymerized  and  the  gel  sheets 
formed  were  easily  removed  from  the  PTFE.   The  sheets  were 
allowed  to  dry,  cut  into  discs  and  further  dried  under  vacuim 
in  a  dessicator. 

3.4    Conclusions 

Degradable  polymer  hydrogels  with  a  wide  range  of 
compositions  and  properties  were  synthesized  by  varying  the 
monomer  concentration,  the  crosslinking  agent  concentration, 
the  type  of  initiation,  and  the  time  of  polymerization.  From 
the  results  obtained  it  can  be  concluded  that: 

1.  Acrylic  acid/MA  and  AA/MD  hydrogels  can  be 
successfully  polymerized  by  both  thermal  and 
gamma  polymerization.  j^ifl 

2.  N-vinyl  pyrrolidone/MA  and  NVP/MD  hydrogels  are 
not  polymerized  by  thermal  initiation  with 
ammonium  persulfate.  They  are  successfully 
polymerized  upon  initiation  by  7  irradiation. 


^ 
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CHAPTER  4 

SWELLING  AND  DEGRADATION  BEHAVIOR  OF 

DEGRADABLE  POLYMER  HYDROGELS 


4.1  Introduction 


m- 


Proteolytic  enzymes  hydrolyze  peptide  bonds  and  in  some 
cases  other  amide  and  ester  bonds,  in  polypeptides  and 
proteins  (44,  45,  46).   They  have  also  been  shown  to  cause 
degradation  of   synthetic  polymers   such   as  polyesters, 
polyamides,  poly(ether  urethanes) ,  and  poly(a-amino  acids) 
(20,  21,  47,  48) .   These  enzymes  can  be  classified  according 
to  the  mechanism  of  hydrolysis  of  the  bonds  that  they  attack. 
Endopeptidases  are  proteolytic  enzymes  which  hydrolyze  bonds 
within   the   polypeptide   or   protein   chain,   yielding   a 
distribution  of  fragment  chain  lengths.    Exopeptidases 
hydrolyze  peptide  bonds  adjacent  to  the  free  carboxyl  end 
(carboxy  terminal)  or  the  free  amino  end  (amino  terminal)  of 
polypeptides  or  proteins,  yielding  amino  acids  (11,  20,  21, 
46)  .   Table  4-1  shows  the  specific  enzymes  which  are  found 
under  these  two  classes  of  proteolytic  enzymes .      " 


Table  4-1 
Endopeptidases  and  Exopeptidases 


Exopeptidases 
Leucine  aminopeptidase 
Carboxypeptidase  A 
Carboxypeptidase  B 
Prolidase 


Endopeptidases 
Trypsin 
Chymo tryps  in 
Pepsin 
Papain 
Elastase 
Subtilisin 
Pronase 
Source:  References  11,  48 
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The  proteolytic  enzymes  of  interest  in  this  study  were 
papain,  trypsin  and  pronase.    Papain  is  a  plant  thiol 
endopeptidase  extracted  from  the  latex  of  Carica  papaya.      It 
is  an  analog  to  cathepsin  B,  which  is  a  proteolytic  enzyme 
released  by  neutrophils  in  the  acute  inflammatory  response. 
Papain  (MW  21,000)  is  a  general  thiol  endopeptidase  with  a 
broad  specificity  but  it  has  preferences  for  peptide  bonds 
where  the  amino  acid  residue  of  the  carbonyl  group  is 
arginine,  lysine,  or  glutamine.   It  also  has  a  preference  for 
an  amino  acid  which  is  adjacent  to  hydrophobic  side  chains. 
Papain  will  not  hydrolyze  dipeptides  of  alanine  or  glycine. 
It  has  a  very  low  activity  and  must  be  activated  with  cysteine 
and  ethylenediamine  tetraacetic  acid  (EDTA)  in  tris (hydroxy- 
methyl)  aminomethane  hydrochloride  buffer  (TRIS-HCl) .   It  is 
inhibited  by  Cd^+ ,    Zn2+,  Fe2+,  Cu2+,  Hg2+,  and  Pb2+  (20,  46, 
49)  . 

Trypsin  (MW  24,000)  is  a  serine  protease  (endopeptidase) 
which  has  a  specificity  toward  the  peptide,  amide  and  ester 
bonds  containing  carboxyl  groups  from  the  amino  acids  L- lysine 
and  L-Arginine  (20,  44,  45,  50).  It  is  activated  by  Ca2+  by 
increasing  its  stability.  Trypsin  is  inhibited  by  organo- 
phosphorous compounds,  natural  peptides  from  the  pancreas, 
soybean  and  lima  bean,  egg  white,  benzyl-4-guanidino-benzoate, 
and  4'-nitrobenzyl-4-guanidino  benzoate.  The  optimum  pH  for 
trypsin  is  between  7.8  and  8.5.   (45) 
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Pronase  is  an  endopeptidase  obtained  from  Streptomyces 
griseus.  This  enzyme  can  be  separated  into  eight  proteases 
four  of  which  are  serine  endopeptidases .  There  are  two 
endopeptidases  similar  to  chymotrypsin,  one  similar  to 
trypsin,  and  one  similar  to  subtilisin.  The  other  four 
proteases  are  two  amino  peptidases  and  two  carboxypeptidases. 
Pronase  is  a  nonspecific  enzyme.  Pronase  has  been  found  to 
behave  as  an  exopeptidase  in  the  biodegradation  of  crosslinked 
poly(2-hydroxyethyl-L-glutamine)  (20) . 

Bovine  serum  albumin  crosslinks  in  AA/MA  hydrogels  have 
been  shown  to  degrade  when  exposed  to  pepsin  or  trypsin,  in  a 
study  by  Park  (5) .  The  enzymes  papain  and  pronase  are  also 
expected  to  degrade  these  crosslinks  since  they  have  the 
ability  to  split  peptide  bonds  in  proteins,  and  polypeptides. 
The  BSA  crosslinks  could  also  be  degraded  by  hydrolysis  of  the 
peptide  bonds  in  excess  6N  HCl  at  100  -  120°C  for  up  to  24 
hours  (48)  .  They  could  also  be  degraded  by  hydrolysis  in  a  10 
N  HCl  solution  at  37°C  (48). 

The  swelling  and  degradation  behavior  of  degradable 
hydrogels  can  be  controlled  by  variation  in  the  monomer, 
crosslinking  agent,  and  initiator  concentrations  in  the 
monomer  solution.  Swelling  and  degradation  can  be  monitored 
by  measuring  the  swelling  ratio  (Q)  as  a  function  of  time  in 
the  swelling  medium  (PBS,  Tris-HCl,  activated  papain, 
activated  trypsin  and  trypsin  in  PBS) .  The  swelling  ratio 
(Q) (Equation  1)  is  a  quantity  obtained  by  dividing  the  weight 
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of  the  hydrogel  wet  [Wd(wet)]  by  the  weight  of  the  hydrogel 
dry  [Wd(dry) ]  (5)  . 


Q  =  Wd(wet)     ^^j 
Wd(dry) 


4.2  Materials  and  Methods 
4.2.1  Materials 

Acrylic   acid/modified   albumin    (AA/ALB) ,    acrylic 
acid/modified  dextran  (AA/DEX) ,  N-vinyl  pyrrolidone/modif ied 
albumin   (NVP/ALB) ,   N-vinyl   pyrrolidone/modif ied   dextran 
(NVP/DEX) ,  and  AA  hydrogels  were  synthesized  according  to 
procedures  described  in  section  3.4.    The  hydrogels  were 
swelled  in  PBS  prepared  according  to  section  2.2.1.   Trypsin 
and  papain  were  obtained  from  ICN  Biochemicals.   The  pronase 
used  was  from  Boehringer  Mannheim  Biochemicals.   Activated 
trypsin  solutions  were  made  with  trypsin  (10  mg/ml) ,  0.5  M 
Tris-HCl  (Aldrich) ,  0.0115  M  calcium  chloride  (CaClj) (Fisher 
Scientific),  and  0.015  M  or  0.03  M  sodium  azide  (NaN3) (Fisher 
Scientific)  with  the  pH  adjusted  to  pH  8.1  by  NaOH  and  HCl 
(Fisher  Scientific) .   Activated  papain  solutions  were  made 
with  papain  (20  mg/ml),  0.02  M  EDTA(Adlrich) ,  0.05  M  cysteine 
(Sigma)  and  0.25  mg/ml  NaN3.   Unactivated  trypsin  solutions 
were  made  with  trypsin,  (10  mg/ml),  PBS,  0.25  mg/ml  NaN3  and 
adjusted  to  pH  7.5  or  pH  8.1.  v 
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Discs  of  the  hydrogels  were  swelled  in  the  various 
aqueous  solutions  in  plastic  petri  dishes  from  Fisher  or 
Falcon  (60  mm  X  15  mm  and  100  mm  x  15  mm)  at  room  temperature 
(RT)  or  37  C. 

Ultraviolet  spectroscopy  of  swelling  media  was  conducted 
using  a  Perkin  Elmer  Lambda  9  Spectrophotometer.  The 
molecular  weights  of  the  degradation  products  from  the 
hydrogels  in  the  swelling  media  were  determined  by  a  Waters 
model  590  High  Performance  Liquid  Chromatograph  (HPLC) .  A 
calibration  curve  was  generated  using  PEG  standards  from 
Scientific  Polymer  Products.  A  Perkin  Elmer  LC-25  refractive 
index  (RI)  detector  was  used  for  the  MW  measurements.  The 
hydrogel  discs  swelled  at  37°C  were  incubated  in  a  Fisher  (300 

series)  ISOTEMP®  Incubator. 

4.2.2  Procedure  for  Swelling  Studies 

There  were  a  total  of  19  swelling  studies  (SS) (SS#0- 
SS#18)  conducted  in  PBS.  A  preliminary  swelling  study  was 
carried  out  with  unactivated  papain  and  unactivated  pronase. 
Four  enzyme  swelling  studies  (ESS)  were  conducted  using 
unactivated  papain  in  PBS  (6  mg/ml) .  A  mass  swelling  study 
(MSS)  ,  MSS#1  was  conducted  in  PBS  (pH  7.2)  and  in  IM  HCl  on  16 
different  hydrogels.  (10%,  20%,  30%,  40%;  monomer  hydrogels 
each  polymerized  at  1,  4,  11  or  12,  and  22  or  24  hours  at 
60°C,  in  the  presence  of  3%  MA  crosslinker  and  1%  APS  as 
initiator) .  After  approximately  835  hours  of  swelling  in  PBS 
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the  hydrogels  remaining  in  MSS#l  were  swelled  in  a  trypsin 
solution  in  PBS  10  mg/ml  at  pH  8.1. 

The  vital  statistics  of  these  hydrogels  were  summarized 
in  table  3-5.  Mass  swelling  study  #2  (MSS#2)  was  conducted  on 
16  different  hydrogels  in  an  activated  trypsin  solution 
composed  of  10  mg/ml  trypsin,  0.50  M  TRIS-HCl,  0.0115  M  CaCl2 
and  0.015  M  or  0.03  M  NaN3  at  pH  8.1.  The  compositions  of  the 
hydrogels  analyzed  in  MSS#2  were  summarized  in  table  3-6  (1% 
APS,  3%  MA  or  MD) .  Some  hydrogels  in  MSS#2  were  also  swelled 
in  a  control  swelling  medivim  without  the  trypsin  (0.50  M  TRIS- 
HCl,  0.0115  M  CaCl2  and  0.015  M  or  0.03  M  NaN3  at  pH  8.1.). 

Mass  swelling  study  #3  in  papain  (MSS#3P)  was  conducted 
on  16  different  hydrogels.  (10%,  20%,  30%,  40%  each 
polymerized  at  1,  4,  14  and  24  hours,  in  the  presence  of  10% 
MA  crosslinker,  and  1%  APS) . 

The  discs  in  MSS#3P  were  swelled  in  an  activated  papain 
solution  (20  mg/ml  papain  0.50M  Tris-HCl,  0.02  M  EDTA,  0.05  M 
cysteine,  0.25  mg/ml  NaN3)  at  pH  7.5.  A  few  hydrogels  in 
MSS#3P  were  swelled  in  a  control  swelling  medium  without 
papain  0.50M  Tris-HCl,  0.02  M  EDTA,  0.05  M  cysteine,  0.25 
mg/ml  NaN3)  .  The  hydrogels  in  mass  swelling  study  #3  in 
trypsin  (MSS#3T)  were  swelled  in  an  unactivated  trypsin 
solution.   (10  mg/ml  trypsin,  PBS,  0.25  mg/ml  NaN3  at  pH  7.5) 
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A  few  hydrogels  in  MSS#3T  were  swelled  in  a  control  swelling 
medium  without  trypsin.   (PBS,  0.25  mg/ml  NaNg  at  pH  7.5) 
Table  4-2  summarizes  the  swelling  studies. 


ss# 

0 


8 


10 


11 


Summary 
COMPOSITION 
AA/MA/APS/AIR 

AA/MA/APS/AIR 

AA/MA/APS/AIR 

AA/MA/APS/AIR 

AA/MA/APS/N2 

AA/MA/APS/AIR 

AA/MA/APS/N2 

AA/APS/AIR 

AA/APS/N2 

AA/NVP/MA/APS 
N2 

AA/NVP/MA/APS 
N2 

AA/NVP/MA/APS 
N-, 


Table  4-2 
of  Swelling  Studies 


#  SAMPLES 

6(13-18)RT 
6(19-24)37°C 

6(25-30)RT 
6(31-36)370C 

10(37-46)RT 
10 (47-56) 37^0 

6(57-62)RT 
6(63-68) 37°C 

6(69-74)RT 
6 (75-80) 37^0 

6(81-86)RT 
6(87-92)37^0 

6(93-98)RT 
6(99-104)37*^0 

6(105-110)RT 
6 (111-116) 37°0 

6(117-122)RT 
6(123-128) 37°C 

6(129-134)RT 
6(135-140) 37°C 

6(141-146)RT 
6 (147-152) 37°C 

6(153-158)RT 
6  (159-164)  37*^0 


%  Monomer  tp 
Ih 


30% 

30% 

30% 

30% 

30% 

30% 

30% 

30% 

30% 

30% 

30% 

30% 


Ih 


Ih 


Ih 


Ih 


Ih 


Ih 


Ih 


tss 
5d 

lOd 

2d 

4.16d 

4.16d 

7.  Id 

7.  Id 

2d 


Ih    2d 


5.75h  8h 


5h 


6h 


24h   24h 


■'m 


92 


Table  4-2  (continued) 

ss# 

COMPOSITION 

#  SAMPLES 

%  Monomer  tp 

tss 

12 

AA/UDMD/APS 
AIR 

5(165-169)RT 
6(171-176)370C 

40% 

18h 

2m 

13 

AA/MA/APS/N2 

6(177-182)RT_ 
6(183-188) 37°C 

40% 

22h 

1.5m 

14 

AA/MD/APS/Nj 

6(189-194)RT_ 
6(195-200) 37OC 

40% 

22h 

1.5m 

15 

NVP/MA/7/N2 

6(201-206)37°C 

40% 

6.33h 

7.36W 

16 

NVP/MD/7/N2 

6(207-212)37°C 

40% 

6.33h 

7.36W 

17 

NAA/MA/7/N2 

6(213-218) 37OC 

40% 

6.33h 

7.36W 

18 

AA/MD/7/N2 

6(219-224)370C 

40% 

6.33h 

7.36W 

ESSl 

Same  as  5 

6(E1-E6)370C 

30% 

Ih 

4.7W 

ESS2 

Same  as  6 

6(E7-E12)37° 

30% 

Ih 

4.7W 

ESS3 

Same  as  13 

6(E13-E18)370C 

40% 

22h 

4.7W 

ESS4 

Same  as  14 

6(E19-E24)370C 

40% 

22h 

4.7W 

MSS#1 

AA/MA/APS/N:, 
(PBS), (IMHCl) 

3,1 

10,20, 
40 

30 

1-4(6) 

ilk 

7.3W 

MSS#2  . 
Trypsin) 
Buffer) 

AA/MA/APS/No 
AA/MD/APS/N4 
AA/APS/N-,   ^ 
NVP/MA/7fN-, 
NVP/MD/7/N| 

3,1 

10,20, 
40 

30 

24(22 

MSS#3? 
Papain 
Buffer 

AA/MA/APS/N2 

3,1 

40 

,30 

1,4,14  2.1W 
24 

MSS#3T 

AA/MA/APS/N2 

3,1 

40 

,30 

1,4,14  2.1W 
24 

tss  =  duration  of  ss 

h   =  hours 

w   =  weeks 

tp  =  time  of  polymerization 

Swelling  Procedure.  Dry  hydrogel  discs  were  swelled  in  60 
mm  X  15  mm  plastic  petri  dishes.  In  SS#5  and  SS#6  the  discs 
were  swelled  in  100  mm  x  15  mm  plastic  petri  dishes.  Before 
swelling  each  dry  disc  was  assigned  a  specific  petri  dish. 
The  dry  disc  was  weighed  separately  and  its  weight  was 
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recorded  Wd(dry).  The  weight  of  the  petri  dish  without  the 
disc  was  recorded  as  well  Wp(dry).  Finally  the  weight  of  the 
petri  dish  and  the  disc  together  was  recorded  Wpd(dry) .  The 
weight  of  the  petri  dish  and  disc  dry,  Wpd(dry)  ,  was  needed  to 
calculate  the  swelling  ratio  (Q)  of  the  discs  at  a  given  time 
interval.  Residual  monomer  and  other  diff usable  reactants 
were  assumed  to  be  only  minor  contributers  to  Q  and  hence  were 
ignored.  (When  Q=0  there  is  no  swelling  and  when  Q=-l  all  of 
:  the  hydrogel  is  degraded) 

Wpd(WET)  -  Wpd(DRY)  =  Wd(WET) 

Q=Wd ( WET ) / Wd ( Dry ) 

Wpd(WET)  =     wet  weight  of  the  petri  dish  and  disc 

after  swelling  at 
time  t. 

Wpd(DRY)  =     dry  weight  of  the  petri  dish  and  disc 

before  swelling. 

After  the  weighing  was  completed,  5  ml  of  the  previously 
prepared  swelling  medium  was  poured  or  pipetted  over  the 
hydrogel  discs  in  the  petri  dishes;  covered  and  allowed  to 
swell  at  RT  or  37°  C.   The  discs  were  allowed  to  swell  for  a 

given  time  interval  (t)  and  the  swelling  medium  was  removed 
from  the  swelled  disc  by  a  Pasteur  pipette.  (It  was  assumed 
that  after  the  swelling  medium  was  removed  there  was 
negligible  swelling  in  the  discs).  The  petri  dish  and  the 
disc  were  weighed  together  and  their  weight  was  recorded  to 
give  Wpd(WET)  .   Any  gel  that  was  freed  from  the  discs  was 
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counted  as  part  of  the  swelling  medium  removed  and  indicated 
dissolution,  solubilization,  or  degradation  of  the  discs. 
After  weighing,  more  swelling  medium  (5  ml)  was  poured  or 
pipetted  into  the  petri  dish  over  the  disc  to  allow  more 
swelling.  The  procedure  was  repeated  over  several  time 
intervals  and  the  average  Q-values  (Qayg)  »  which  were  recorded, 
were  plotted  against  time.  '  '- 

In  swelling  studies  0-1,  3-18,  and  ESS#1-ESS#4  an  average 
swelling  ratio  was  obtained  by  swelling  6  discs  of  each 
specific  hydrogel.  Three  discs  of  each  specific  hydrogel  were 
swelled  in  the  enzyme  solutions  in  MSS#2  and  MSS#3.  One  disc 
from  each  specific  hydrogel  was  swelled  in  1  M  HCl  in  MSS#1. 
One  disc  from  each  specific  hydrogel  was  swelled  in  the  con- 
trol swelling  medium  used  in  MSS#2  (0.50  M  Tris-HCl,  0.0115  M 
CaCl2,  0.015  M  or  0.03  M  NaN3,  pH  8.1).  Two  discs  from  each 
specific  hydrogel  were  swelled  in  the  control  swelling  medium 
for  MSS#3P  (0.05  M  Tris-HCl,  0.02  M  EDTA,  0.05  M  Cysteine, 
0.25  mg/ml,  NaN3  pH  8.1).    One  disc  from  each  specific 

hydrogel  were  swelled  in  the  control  swelling  medium  for 
MSS#3T  (PBS,  0.25  mg/ml  NaN3,  pH  7.5). 

4.2.3  Degradation  Studies  with  Ultraviolet  Spectroscopy 

Samples  for  the  degradation  studies  were  taken  from  the 
swelling  medivim  removed  from  the  hydrogel  discs  at  a  given 
time  interval.  These  specimens  were  analyzed  using  a  Perkin 
Elmer  Lambda  9  spectrophotometer  (400  nm  -  190  nm).   The 
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swelling  media  from  SS's  5,  6,  12,  13,  and  14  were 
invest  igated . 

Phosphate  buffered  saline  was  used  as  a  reference,  various 
control  spectra  were  run  including: 

(1)  PBS 

(2)  Acrylic  acid  in  PBS 

(3)  Glycidyl  Acrylate 

(4)  MA  in  PBS 

' '  ' .  . 

(5)  UMA  in  PBS 

(6)  AA/ALB  in  PBS 

(7)  APS  in  PBS 

(8)  AA/ALB  in  Monomer  Solution 

These  controls  used  were  made  at  concentrations  proportional 
to  what  they  would  be  in  the  actual  monomer  solution.  Their 
spectra  were  run  as  standards  to  compare  to  sample  spectra  and 
to  determine  which  species  were  present  in  the  swelling  media. 
It  was  assumed  that  the  spectra  collected  were  monitoring  the 
concentrations  of  PAA  and  MA  being  extracted,  released,  and 
degraded  from  the  hydrogel  discs.  Graphs  showing  the  maximum 
absorbance  at  a  given  time  interval  were  generated. 


4.2.4  Gel  Permeation  Chromatography  of  the  Degradation 
Products  in  the  Swelling  Media. 


The  molecular  weights  of  the  degradation  products  found  in 
the  swelling  media  from  the  hydrogel  discs,  were  determined  by 
gel  permeation  chromatography  on  a  waters  HPLC,  using  a 
column  by  Shodex.   Poly (ethylene  glycol)  standards  were  used 
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to  generate  a  calibration  curve.    The  solvent  used  was 

ultrapure  water  which  had  been  filtered  and  degassed.   The 

water  was  degassed  by  boiling,  and/or  sonicating  under  a 

vacuum  created  by  an  aspirator  for  20-30  min.   The  best 

results  were  obtained  when  the  water  was  degassed  once  every 

3  hours,  and  when  the  reference  cell  of  the  RI  detector  was 

flushed  frequently  with  fresh  solvent.   The  elution  speed  in 

the  running  of  the  standards  and  samples  was  1  ml/min.   The 

typical  elution  volume  was  10-12  ml  for  each  sample.   The 

samples  and  standards  were  filtered  using  0.45  ^J,m   or  0.50  /xm 

syringe  filters. 

The  concentration  of  the  PEG  standards  analyzed  was 

approximately  0.1  g/ml  in  ultrapure  water.   Five  standards 

were  used  to  create  the  calibration  curve.   Their  molecular 

weights  were: 

Standard  1  Mw  =  1056  Mn  =  1007 

Standard  2  Mw  =  2064  Mn  =  1967 

Standard  3  Mw  =  3662  Mn  =  3336 

Standard  4  Mw  =  10,904  Mn  =  9193 

Standard  5  Mw  =  19,683  Mn  =  14,677 

The  swelling  media  samples  had  a  concentration  of  0.001% 

sample  solutions  were  injected  for  most  runs.   If  the  sample 

was  too  concentrated,  25  fjil   of  the  sample  was  diluted  in  5  ml 

of  ultrapure  water,  instead  of  the  usual  5  jul  of  sample  in  5 

ml  of  ultrapure  water. 

Bubbles  were  removed  with  a  syringe  from  the  effluent  line 

before  the  samples  were  run.   The  reference  cell  was  flushed 

as  well.   The  effluent  line  was  then  allowed  to  flush  through 
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by  gradually  increasing  the  elution  speed  to  2  ml/min  for 
approximately  1  hour  to  remove  all  bubbles  that  might  be  in 
the  column.  After  1  hour  the  Refractive  Index  (RI)  detector 
was  zeroed  and  the  effluent  was  allowed  to  flow  until  a  steady 
baseline  was  achieved  (-1  hour). 

The  calibration  curve,  and  the  MW's  of  the  samples  were 
calculated  using  the  SEC  Programs  Advanced  Edition  Computer 
program  written  by  Chris  Matayabas  for  the  polymer  floor  of 
the  chemistry  department  at  the  University  of  Florida  ©(1990)  . 
This  was  an  updated  version  of  the  computer  program  originally 
written  by  Dr.  Bill  Toreki. 

4.2.5   Degradation  of  Hydroqels  with  1  M  HCl  and  Gel 
Permeation  Chromatography. 

Hydrogel  discs  discussed  in  section  3.2.2  and  table 
3-5  were  heated  in  10  ml  of  1  M  HCl  by  heating  them  in  a  bomb 
at  100°C  for  approximately  24  hours.  The  solutions  were 
removed  from  the  bombs  after  cooling  and  neutralized  to  pH 
7.3-7.4.  They  were  then  observed  to  see  if  the  hydrogel  discs 
dissolved  due  to  the  degradation  of  the  modified  albumin 
crosslinks.  Gel  permeation  chromatography  of  these  samples 
was  conducted  to  determine  the  molecular  weight  of  degradation 
products,  according  to  procedures  described  in  section  4.2.4. 
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4.3  Results  and  Discussion 


4.3.1   Swelling  Studies 

When  the  hydrogel  discs  were  swelled  there  were  several 
stages  which  transpired  before  they  degraded  completely.  When 
a  hydrogel  disc  was  initally  exposed  to  the  swelling  medium, 
the  wetting  or  hydration  stage  began.  The  hydrogel  would  then 
imbibe  more  water  and  began  to  swell  until  it  reached  an 
equilibrium.  Also  during  the  swelling  stage  there  was 
diffusion  of  loose  uncross linked  PAA  polymer  chains  and  MA  or 
MD  out  of  the  hydrogel  discs.  In  the  cases  where  the  swelling 
medium  contained  an  enzyme,  initial  attack  of  the  MA 
crosslinks  lead  to  increased  swelling  (Qayg  increase)  as  a 
result  of  disruption  of  the  2°  and  3°  structure  of  the  albumin 
molecules  (5) .  Continued  breakage  of  the  albumin  crosslinks 
resulted  in  the  disruption  of  the  1°  structure  by  the  breaking 

of  peptide  bonds.  When  this  occurred  dissolution  of  PAA 
chains  and  MA  took  place  as  the  MA  crosslinks  were  broken  and 
the  hydrogel  most  likely  disrupted  and  completely  solubilized 
as  this  process  continued.  If  this  happened  the  hydrogel 
structure  became  loose  and  behaved  as  a  liquid.  The  crosslink 
density  between  PAA  chains  determined  whether  the  hydrogel 
discs  totally  disrupted  and  solubilized  as  a  result  of 
enzymatic  attack  by  the  enzyme.  These  results  were  similar  to 
the  results  found  in  the  study  by  Park  (5) . 
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4.3.1.1  Preliminary  swelling  studies  fSS#0-SS#6^ . 

Swelling  studies  0-6  were  preliminary  SS's  conducted  to 
familiarize  ourselves  with  the  swelling  procedures,  and  the 
swelling  and  degradation  behavior  of  the  AA/MA  hydrogels  in 
PBS.  Six  hydrogel  discs  were  swelled  at  RT  and  6  were  swelled 
at  37°C.  The  weights  of  the  hydrogel  discs  were  recorded  at 
each  time  interval  and  were  used  to  calculate  an  average 
swelling  ratio  (Qayg)  . 

SS#0.  Swelling  study  #0  (SS#0)  (figure  4-1)  was  an  initial 
swelling  study  which  was  conducted  to  determine  the  swelling 
and  degradation  behavior  of  AA/ALB  hydrogel  discs.  It  was 
conducted  over  a  5  day  period.  The  weight  of  the  swelled  disc 
was  measured  every  24  hours.  The  Q  for  each  24  hour  period 
was  calculated  and  plotted  against  time.  The  discs  which  were 
swelled  at  RT  were  found  to  increase  in  weight  at  a  constant 
rate  up  until  the  fourth  day  of  swelling.  After  the  fourth 
day  the  average  weight  of  the  discs  decreased  indicating  that 
degradation  of  the  discs  had  begun.  The  highest  Q  was  24. 
The  hydrogel  discs  swelled  at  37°C  were  found  to  swell  at  a 
faster  rate  than  those  at  RT.  The  Q  at  day  two  in  these 
samples  was  25  while  the  Q  for  the  RT  samples  was  15.  The 
discs  which  were  swelled  at  37°C  degraded  sooner  than  those  at 
RT.   They  began  degrading  between  day  3  and  4. 

SS#1.  Swelling  study  #1  (SS#1)  (figure  4-2)  was  conducted 
much  differently  from  SS#0  in  terms  of  the  time  intervals  at 
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which  Wd(wet)  was  measured.   This  study  was  used  to  monitor 
the  swelling  behavior  of  the  discs  during  the  first  24  hours 
of  swelling.   The  discs  which  were  swelled  at  RT  increased  in 
weight  and  Q   from  0-24  hours.  At  24  hours  of  swelling  the 

Q  for  the  RT  samples  was  92.  Swelling  continued  at  a  much 
slower  rate  up  to  120  hours  of  swelling.  After  120  hours  the 
Q   began  to  decrease  steadily.  The  discs  which  were  swelled 

at  37°C  increased  in  weight  rapidly  as  well  during  the  first 
24  hours  of  swelling.  The  Q  after  24  hours  was  about  118. 
After  72  hours  of  exposure  to  PBS  the  discs  began  to  degrade 
as  shown  by  a  decrease  in  the  average  swelling  ratio  from  72 
hours  to  216  hours.  These  discs  were  made  from  hydrogels 
which  were  crosslinked  with  MA  given  to  us  before  we  became 
totally  comfortable  with  the  process  for  albumin  modification. 
We  had  unexpectedly  run  out  of  MA  that  we  had  made  and  had  to 
revert  back  to  using  the  batch  that  was  given  to  us. 

SS#2.  The  hydrogel  discs  in  SS#2  (figure  4-3)  were  made 
from  AA  crosslinked  with  MA  which  was  more  diluted  than 
previous  MA's  used.  This  produced  a  hydrogel  with  fewer 
crosslinks.  The  MA  was  more  dilute  because  a  different 
dialysis  membrane  was  used  to  dialyze  the  MA.  This  membrane 
allowed  a  larger  volume  of  dialyzing  medium  to  pass  through 
the  sample.  Overall,  the  Q  -values  for  this  swelling  study 
were  much  lower  than  those  in  the  previous  studies.  The  Q^ve" 
values  for  the  first  24  hour  period  increased  much  less 
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INITIAL  SWELLING  STUDY  (SSO) 

AVG  SWELLING  RATIO  VS  TIME(DAYS) 
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Figure  4-1. 


Average  Swelling  Ratio  vs.  Time  for  SS#0 
in  PBS.  30%  AA/ ALB/ AIR,  tp  =  1  hour,  3% 
MA.  The  high  and  low  values  represent 
the  first  standard  deviation. 
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SWELLING  STUDY  #1  (SS1) 

AVG  SWELLING  RATIO  VS  TIME(HOURS)  SSI 
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AVG  Q  25  C  D  HIGH  25  C 
AVG  Q  37  C  *  HIGH  37  C 


D  LOW  25  C 
*  LOW  37  C 


Figure  4-2, 


Average  Swelling  Ratio  vs.  Time  for  SS#1 
in  PBS.  30%  AA/ALB/AIR,  tp  =  1  hour,  3% 
MA.  The  high  and  low  values  represent 
the  first  standard  deviation. 
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SWELLING  STUDY  §2  (SS2) 

AVG  SWELLING  RATIO  VS  TIME(HOURS)  SS2 


5        10       15       20       25       30       35       40       45       50 
TIME(HOURS) 


AVG  Q  25  C    D    HIGH  25  C        a    LOW  25  C 
AVG  Q  37  C    *    HIGH  37  C        *    LOW  37  C 


Figure  4-3. 


Average  Swelling  Ratio  vs.  Time  for  SS#2 
in  PBS.  30%  AA/ALB/AIR,  tp  =  1  hour,  3% 
MA.  The  high  and  low  values  represent 
the  first  standard  deviation. 
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rapidly  than  those  in  SS#1.   The  Q   -values  at  24  hours  was 
-55  at  RT  and  79  at  37°C. 

SS#3  and  SS#4 ♦  Swelling  studies  3  and  4  (figures  4-4  and 
4-5)  were  conducted  to  analyze  the  effects  of  degassing  the 
monomer  solution  before  polymerization  on  the  behavior  of  the 
hydrogels.  The  SS#3  hydrogels  (figure  4-4)  were  polymerized 
from  a  monomer  solution  which  was  not  degassed.  The  hydrogels 
in  SS#4  (figure  4-5)  were  polymerized  from  a  monomer  solution 
which  was  degassed.  The  discs  which  were  swelled  at  RT  had 
lower  Q„„  -values  than  those  which  were  swelled  at  37°C.  The 
discs  swelled  at  37°C  began  to  degrade  at  after  73  hours  of 
swelling  as  indicated  by  a  decrease  in  the  Q   at  99  hours  of 

swelling.  In  comparing  SS#3  and  SS#4  it  can  be  seen  that  all 
of  the  Q  -values  from  SS#4  were  higher  than  those  in  SS#3. 
This  would  appear  to  indicate  that  more  crosslinking  as  well 
as  more  conversion  occurred  during  the  polymerization  of  the 
discs  that  were  made  from  degassed  monomer  solution.  The 
discs  from  both  SS's  which  were  swelled  at  RT  had  lower  Qayg- 
values  than  those  swelled  at  RT  .  There  was  no  indication  of 
degradation  of  the  discs  of  either  temperature  through  99 
hours  of  swelling.  However,  swelling  study  #3  and  SS#4  were 
conducted  with  discs  which  were  made  from  different  MA  samples 
which,  most  likely,  makes  this  comparison  invalid.  This 
observation  made  it  necessary  to  do  a  comparison  study  to 
determine  the  effects  of  degasssing  using  hydrogels 
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SWELLING  STUDY  #3  25  C 

AVG  SWELLING  RATIO  (Q)  VS  TIME(HOURS) 
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Figure  4-4. 


Average  Swelling  Ratio  vs.  Time  for  SS#3 
in  PBS.  30%  AA/ ALB/ AIR,  tp  =  1  hour,  3% 
MA.  The  high  and  low  values  represent 
the  first  standard  deviation. 
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SWELLING  STUDY  #4 

AVG  SWELLING  RATIO  (Q)  VS  TIME(HOURS) 


10       20       30       40       50       60       70       80       90      100 
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n  LOW  25  C 
*  LOW  37  C 


Figure  4-5. 


Average  Swelling  Ratio  vs.  Time  for  SS#4 
in  PBS.  30%  AA/ALB/N2,  tp  =  1  hour,  3% 
MA.  The  high  and  low  values  represent 
the  first  standard  deviation. 
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cross linked  with  the  same  batch  of  MA.   This  comparison  was 

done  using  SS#5  and  SS#6. 

Overall,  these  studies  (SS#0-SS#4)  showed  that  the  greatest 

amount  of  swelling  of  the  hydrogels  occurs  during  the  first  24 

hours.   This  is  where  the  hydration  stage  of  the  degradation 

occurs,  as  indicated  by  a  rapid  and  steady  increase  in  Q,„„. 

avg 

After  24  hours  the  Q   -values,  most  times,  increased  steadily 

at  a  slower  rate  than  the  first  24  hours.   As  the  swelling 

continued  the  increase  in  swelling  ratio  reached  a  peak  and 

then  leveled  off  at  a  constant  value  for  a  given  period  time 

(several  days) .   After  this,  in  some  cases,  the  Q,„  -values 

avg 

began  to  decrease  with  time  indicating  dissolution  of  PAA 
chains  resulting  from  degradation  of  MA  crosslinks. 

SS#5  and  SS#6.  These  swelling  studies  were  conducted  to 
monitor  the  swelling  and  degradation  behavior  of  the  AA/ALB 
hydrogels  as  a  function  of  degassing  and  the  swelling 
temperature.  The  discs  in  these  swelling  studies  were 
crosslinked  with  the  same  batch  of  MA.  The  hydrogel  discs 
from  SS#5  (figure  4-6)  were  polymerized  from  a  monomer 
solution  which  had  not  been  sparged  with  nitrogen  gas.  Six 
discs  were  swelled  at  RT  and  6  discs  were  swelled  at  37°C. 
The  discs  from  SS#6  (figure  4-7)  were  polymerized  from  a 
nitrogen  sparged  monomer  solution.  Overall,  these  SS's  showed 
that  the  Q  -values  for  degassed  hydrogel  discs  were  increased 
over  those  that  were  not.   This  was  due  to  the  absence  of 
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SWELLING  STUDY  #5  (NO  N2  BUBBLED) 

SWELLING  RATIO  (Q)  VS  TIME(HOURS) 
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AVG  Q  37  C    A    HIGH  37  C       A    LOW  37  C 


Figure  4-6. 


Average  Swelling  Ratio  vs.  Time  for  SS#5 
in  PBS.  30%  AA/ALB/AIR,  tp  =  1  hour,  3% 
MA.  The  high  and  low  values  represent 
the  first  standard  deviation. 


r  .■  ■:.ti 


'  '-^'^  ]  u 


f  ■' 


-'  •■■>'•  ■ 


■'  ♦'<■: 


109 


SWELLING 

SWELLING 


STUDY  #6  (N2  BUBBLED) 

JG  RATIO  (Q)  VS  TIME(HOURS) 


20        40        50        80        100      120      140      160       180 
TIME(HOURS) 


AVG  Q  25  C    D    HIGH  25  C       ■    LOW  25  C 
AVG  Q  37  C    A    HIGH  37  C       A    LOW  37  C 


Figure  4-7. 


Average  Swelling  Ratio  vs.  Time  for  SS#6 
in  PBS.  30%  AA/ALB/N2,  tp  =  1  hour,  3% 
MA.  The  high  and  low  values  represent 
the  first  standard  deviation. 
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dissolved  O2  and  CO2  in  the  monomer  solution  as  a  result  of 
displacement  by  the  nitrogen  gas.  As  a  result  longer  polymer 
chains  were  allowed  to  form  and  more  efficient  crosslinking 
occurred.  In  both  swelling  studies  the  Q„„„-values  for  the 
hydrogel  discs  swelled  at  RT  were  for  the  most  part  lower  than 
those  for  the  hydrogel  discs  which  were  swelled  at  37°C.  A 
decrease  in  the  average  swelling  ratios  after  72  hours  of 
exposure  to  PBS  showed  indication  of  degradation  in  both 
studies  at  RT.  At  37°C  in  SS#5  degradation  began  after  122 
hours  of  swelling.  Degradation  was  not  indicated  in  SS#6  at 
37°C  before  the  swelling  study  was  discontinued.  The  hydrogel 
discs  in  SS#5  began  to  degrade  sooner  (as  shown  by  a  decrease 
in  Q  with  time)  than  those  in  SS#6.  Figure  4-8  compares  the 
swelling  and  degradation  behavior  of  the  hydrogel  discs  in 
these  swelling  studies. 

In  both  SS#5  and  SS#6  the  swelling  ratios  for  the  hydrogels 
which  were  swelled  at  RT  were  about  10  Q  -value  units  below 
those  which  were  swelled  at  37°C.  The  RT  discs  began  to 
degrade  sooner  than  the  37°C  discs,  as  might  be  expected  from 
simple  activation  energy  considerations. 
4.3.1.2   Control  swelling  studies  . 

SS#7  and  SS#8.  These  swelling  studies  were  controlled 
studies  aimed  to  compare  the  Qj,  -values  of  PAA  gels 
polymerized  without  MA  with  AA/ALB  gels.    The  effects  of 

degassing  on  the  behavior  of  these  gels  were  also 
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COMPARISON  OF  SS#5  AND  SS#6 

Q(avg)  VS  T 
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Figure  4-8, 


Average  Swelling  Ratio  vs.   Time  for 
Comparison  of  SS#5  and  SS#6 . 
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investigated.   The  hydrogels  in  both  SS's   solubilized  within 

48  hours  of  swelling.  This  showed  that  the  presence  of  MA  in 

the  polymerization  of  the  hydrogels  was  the  cause  of  the 

formation  of  the  crosslinked  hydrogels.    The  one  hour 

polymerization  time  was  not  sufficient  enough  to  cause 

crosslinking  between  PAA  polymer  chains.  This  resulted  in  the 

dissolution  of  the  polymer  chains  from  the  hydrogel  discs  when 

they  were  swelled  in  PBS.  These  hydrogel  discs  can  be  termed 

bioabsorbable  due  to  the  fact  that  they  were  degraded  by 

solubilization  of  the  discs.   The  polymer  chains  essentially 

became  part  of  the  swelling  medixim  as  the  discs  solubilized. 

PAA  controls  sparged  with  nitrogen  (SS#8)  swelled  at  a 

slower  rate  than  those  that  were  not.   The  maximvim  Q,„„-value 

avg 

in  SS#8  was  lower  than  that  in  SS#7.  Figures  4-9  and  4-10 
show  the  results  of  these  SS's.  All  swelling  studies  after 
these  were  conducted  on  hydrogels  polymerized  from  degassed 
monomer  solutions.   These  monomer  solutions  were  degassed  by 

sparging  with  N-)  for  90  -  120  min.  -  ,* 

■     ..I  <   '  ■      *-  , 

4.3.1.3.   Acrylic  acid/N-vinvl  pvrrolidone  copolymer  swelling 
studies  fSS#9-SS#ll^ . 

SS#9  and  SS#10.   Copolymer  hydrogels  of  AA  (90%)  and  NVP 

(10%),  crosslinked  with  MA  were  swelled  in  these  studies.  The 

swelling  ratios  of  these  hydrogels  were  much  lower  than  the 

AA/ALB  hydrogels.   They  behaved  similarly  to  the  PAA  control 

hydrogels.   The  discs  dissolved  rapidly  within  6-8  hours, 

indicating  that  no  crosslinking  occurred  within  the  hydrogel 
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SS#7  PAA  CONTROLS  (NO  N2) 

AVG  SWELLING  RATIO(Q)  VS  TIME(HRS) 
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Figure  4-9. 


Average  Swelling  Ratio  vs.  Time  for  SS#7, 
PAA  controls  in  PBS.   30%  AA/ ALB/AIR, 
tp  =  1  hour,  3%  MA.   The  high  and  low 
values   represent   the   first   standard 
deviation. 
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SS#8  PAA  CONTROLS  (N2) 

AVG  SWELLING  RATIO(Q)  VS  TIME(HRS) 


5        10       15       20       25       30       35       40       45       50 
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Figure  4-10. 


Average  Swelling  Ratio  vs.  Time  for  SS#8 

PAA  Controls  in  PBS.   30%  AA/APS/N2 

tp  =  1  hour,  3%  MA.  The  high  and  low 

values   represent   the   first   standard 

deviation. 
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discs  and  that  little  polymerization  occurred.  The  discs  were 
probably  made  of  very  short  polymer  chains  (low  conversion) . 
The  polymerization  of  long  polymer  chains  and  the  formation  of 
crosslinks  may  have  been  hindered  by  the  reaction  of  the  APS 
with  the  NVP  (51).  This  decreased  the  efficiency  of  the 
initiator,  hindered  the  propagation  of  the  chains,  and 
prevented  the  MA  from  participating  in  the  polymerizations. 
Figures  4-11  and  4-12  show  the  results  of  SS's  9  and  10. 

SS#11.  Swelling  study  #11  (figure  4-13)  was  another 
attempt  at  modifying  the  behavior  of  AA/NVP/MA  copolymer 
hydrogels.  The  40%  monomer  solution  was  95%  AA  and  5%  NVP. 
The  hydrogel  discs  lasted  longer  than  those  in  SS's  9  and  10 
but  they  still  dissolved  sooner  than  the  control  gels  in  SS's 
7  and  8.  This  again  was  probably  due  to  the  reaction  of  the 
NVP  with  the  APS  hindering  the  initiation  of  polymer  chains 
and  the  formation  of  crosslinks  by  the  MA  (51)  .  The  hydrogels 
were  heated  for  24  hours  at  60°C.  The  lack  of  crosslinking  at 
this  polymerization  time  was  a  good  indication  that  the 
reaction  between  NVP  and  APS  hindered  the  polymerization. 
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SS#9  AA/NVP/ALB 

SWELLING  RATIO  (Q)  VS  TIME(HOURS) 


AVGQ25  C    ■    HIGH  25  C       ■    LOW  25  C 
AVG  Q  37  C    a    HIGH  37  C        n    LOW  37  C 


Figure  4-11. 


Average  Swelling  Ratio  vs.  Time  for  SS#9 
in  PBS.  30%  AA/NVP/ALB/N2,  ^P  =  5. 75 
hours,  3%  MA.  The  high  and  low  values 
represent  the  first  standard  deviation. 
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SS#10  AA/NVP/ALB  (90/10) 

SWELLING  RATIO  (Q)  VS  TIME(HOURS) 


AVG  Q  25  C    ■    HIGH  25  C       ■    LOW  25  C 
AVG  0  37  C    n    HIGH  37  C        a    LOW  37  C 
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Figure  4-12. 


Average  Swelling  Ratio  vs.  Time  for  SS#10 
in  PBS.  30%  AA/NVP/ALB/N2,  tp  =  5  hours, 
3%  MA.  The  high  and  low  values  represent 
the  first  standard  deviation. 
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SS#11  AA/NVP/ALB  (95/5) 

AVG  SWELLING  RATIO(Q)  VS  TIML(HRS) 


10  15  20 

TIME(HRS) 


25 


AVG  Q  25  C      ■    HIGH  25  C         ■    LOW  25  C 
AVG  Q  37  C     A    HIGH  37  C         A    LOW  37  C 


Figure  4-13. 


Average  Swelling  Ratio  vs.  Time  for  SS#ll 
in  PBS.  40%  AA/NVP/ALB/N2,  *^P  =  24 
hours,  3%  MA.  The  high  and  low  values 
represent  the  first  standard  deviation. 
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4-3.1.4   Swelling  studies  of  hvdroaels  with  modified  dextran 
SS#12.   This  study  (figure  4-14)  was  conducted  to  deter- 
mine the  feasibility  of  using  an  alkylated  dextran  as  an 
alternative  crosslinking  agent  in  PAA  hydrogels.    These 
hydrogels  were  polymerized  for  18  hours  at  60°C.   They  had 
maximum  Q^yg-values  (Q^yg  =  38,  RT  and  Q^^g  =  36,  37°C)     lower 
than  those  in  the  previous  AA/ALB  SS's  (SS#5  and  SS#6) .   The 
longer  polymerization  time  produced  crosslinks  between  the  PAA 
polymer  chains  in  addition  to  the  crosslinks  produced  by  the 
MD.    Their  crosslink  density  was  higher  and  caused  less 
swelling  of  the  hydrogels  in  PBS.   The  gels  also  had  a  rapid 
increase  in  Q^^g  during  the  first  24  hours  of  swelling.  After 
this  the  swelling  ratio  in  the  RT  hydrogels  remained  nearly 
constant  throughout  2  months  of  swelling.  The  37°C  hydrogels 
showed  a  gradual  decrease  in  the  Q„„  -values.    This  was 
probably  due  to  more  hydrolysis  of  the  dextran  crosslinks  and 
diffusion  of  the  dextran  and  PAA  polymer  chains  from  the  discs 
as  a  result  of  the  elevated  temperature.  The  decrease  in  Q 
was  also  accompanied  by  a  shrinkage  of  the  discs.   The  discs 
maintained  their  shape  but  the  diameter  of  the  discs  decreased 
with  time. 

The  dextran  used  as  the  crosslinker  in  these  hydrogels  was 
alkylated  with  GA  by  stirring  (14.7%  solution  in  PBS)  for 
approximately  one  day.  The  MD  was  not  dialyzed  so  free  GA  was 
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SS#12  PAA/DEX  15%MD  NO  N2 

AVG  SWELLING  RATIO(Q)  VS  TIME(HRS) 


0    200   400   600   800   1000   1200   1400   1600 

TIME(HRS) 


AVG  Q    25  C    -    HIGH    25  C 

-    LOW    25  C 

AVG  Q    37  C    n    HIGH    37  C 

a    LOW    37  C 
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Figure  4-14. 


Average  Swelling  Ratio  vs.  Time  for  SS#12 
in  PBS.  30%  AA/NVP/DEX/AIR,  tp  =  18 
hours,  3%  MD.  The  high  and  low  values 
represent  the  first  standard  deviation. 
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present  in  the  hydrogels.   This  free  GA  could  have  caused 

lower  MW  chains  to  form  by  acting  as  a  chain  terminator.  The 

discs  appeared  to  be  brittle  when  they  were  swelled,  compared 

to  other  hydrogels,  due  to  the  effects  of  the  free  GA.  It  was 

concluded  that  shorter  polymerization  times  should  be  used  in 

AA/DEX  hydrogels  due  to  the  insolubility  of  the  hydrogel 

discs.  The  crosslinking  between  the  PAA  chains  probably  would 

have  allowed  the  discs  to  maintain  their  shape  and  weight  for 

4-5  months  or  more.    These  gels  were  not  suitable  for 

degradable  hydrogel  applications. 

4.3.1.5.   Swelling  studies  with  purified  crosslinking 
agents . 

SS#13.  Figure  4-15  shows  the  results  of  SS#13.  The 
purpose  of  this  study  was  to  monitor  the  swelling  and 
degradation  behavior  of  AA/ALB  hydrogels  which  were 
polymerized  and  crosslinked  with  purified  MA.  The  time  of 
polymerization  for  these  discs  was  22  hours  as  opposed  to  1 
hour  in  SS's  5  and  6.  The  monomer  solution  was  40%  AA  in  PBS 
as  opposed  to  30%.  The  maximum  Q^yg-values  were  48  at  RT  and 
51  at  37°C.  These  were  lower  than  the  values  in  SS's  5  and  6 
due  to  increases  in  the  extent  of  polymerization  and  the 
crosslink  density.  As  a  result  of  these  increases  the  discs 
held  their  integrity  much  longer.  The  discs  would  have 
remained  for  months  in  a  similar  manner  as  those  in  SS#12 
because  of  the  higher  crosslink  density.  These  discs  could 
not  be  used  as  degradable  hydrogels. 
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SS#13  PAA/ALB  40%  MONOMER  SOLN. 

AVG  SWELLING  RATIO(Q)  VS  TIME(HRS) 


200  300  400 

TIME(HRS) 


500 


600 


AVG  Q  25  C    -    HIGH  25  C       -    LOW  25  C 
AVG  Q  37  C    D    HIGH  37  C       n    LOW  37  C 
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Figure  4-15. 


Average  Swelling  Ratio  vs.  Time  for  SS#13 
in  PBS.  40%  AA/ALB/N2,  ^P  =  22  hours,  3% 
MA.  The  high  and  low  values  represent 
the  first  standard  deviation. 
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SS#i4.  Swelling  study  #14  (figure  4-16)  was  conducted  to 
investigate  the  swelling  and  degradation  of  AA/DEX  hydrogels. 
The  MD  used  was  made  by  reacting  pure  dextran  with  GA  for  7 
days  at  RT.  The  MD  was  purified  thoroughly  by  dialysis  in 
PBS.  The  maximum  Q^yg-values  for  both  RT  and  ST^C  hydrogels 
was  48.  The  overall  Q^^g-values  were  about  10  units  higher 
than  those  from  SS#12  due  to  the  absence  of  the  free  GA.  The 
swelling  and  degradation  behavior  of  the  discs  were  very 
similar  to  those  in  SS#13  with  AA/ALB.  This  was  probably  due 
to  the  fact  that  they  were  polymerized  for  the  same  amount  of 
time.  This  caused  crosslinking  between  PAA  chains  in  addition 
to  the  crosslinks  formed  by  the  MD. 

4.3.I.6.   Gamma  polymerized  hvdrogel  swelling  studies  ss#is- 
SS#18  

SS#15  and  SS#16.  N-vinyl  pyrrol idone/MA  hydrogel  discs 
polymerized  by  7-polymerization  (0.2  Mrad)  were  analyzed  in 
SS#15.  The  concentration  of  NVP  in  the  monomer  solution  was 
40%.  The  highest  Q^^g-value  observed  was  50.  The  amount  of 
swelling  decreased  as  the  duration  (7.3  weeks)  of  the  SS's 
continued  as  shown  in  figure  4-17. 

Swelling  study  #16  (figure  4-18)  involved  40%  monomer 
NVP/DEX  hydrogel  discs  which  were  ygamma-polymerized  with  3% 
MA.  They  showed  swelling  behaviors  which  were  almost 
identical  to  the  gels  in  SS#15.  The  highest  Q,„„-value  was  52. 
These  gels  lasted  too  long  to  be  used  as  degradable  hydrogels 
because  of  their  high  crosslink  density. 
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SS#14  PAA/DEX  40%  MONOMER  SOLN. 

AVG  SWELLING  RATIO(Q)  VS  TIME(HRS) 


200  300  400  500 

TIME(HRS) 


600 


AVG  Q  25  C    -    HIGH  25  C       -    LOW  25  C 
AVG  Q  37  C    n    HIGH  37  C       a    LOW  37  C 


Figure  4-16. 


Average  Swelling  Ratio  vs.  Time  for  SS#14 
in  PBS.  40%  AA/DEX/N2,  tp  =  22  hours,  3% 
MA.  The  high  and  low  values  represent 
the  first  standard  deviation. 
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SS#15  NVP/ALB(GAMMA  POLYMERIZ) 

40%  MONOMER  SOLUTION 


200    400    600    800    1000   1200   1400 
TIME(HRS) 


AVG  Q  37  C  -  HIGH  37  C   -  LOW  37  C 
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Figure  4-17. 


Average  Swelling  Ratio  vs.  Time  for  SS#15 
in  PBS.  40%  NVP/ALB/7/N2,  tp  =  6.33 
hours,  3%  MA.  The  high  and  low  values 
represent  the  first  standard  deviation. 
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SS#16  NVP/DEX(GAMMA  POLYMERIZ) 

40%  MONOMER  SOLUTION 


200    400    600    800    1000   1200   1400 
TIME(HRS) 


AVG  Q  37  C  -  HIGH  37  C   -  LOW  37  C 


Figure  4-18. 


Average  Swelling  Ratio  vs.  Time  for  SS#16 
in  PBS.  40%  NVP/DEX/7/N2,  tp  =  6.33 
hours,  3%  MA.  The  high  and  low  values 
represent  the  first  standard  deviation. 
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SS#17 — and  SS#18.   Acrylic  acid/MA  and  AA/MD  hydrogels 

polymerized  by  7-irradiation  (0.2  Mrad)  were  investigated  in 

SS#17  (figure  4-19)  and  SS#18  (figure  4-20) ,  respectively. 

The  concentration  of  AA  in  the  monomer  solutions  during 

polymerization  was  40%.  The  swelling  and  degradation  behavior 

of  the  hydrogels  in  the  two  studies  were  very  similar  due  to 

their  similar  crosslink  densities  brought  about  by  the  same 

dose  rate  of  7-radiation.   The  gels  remained  too  long  when 

they  were  swelled  in  PBS  to  be  used  as  degradable  hydrogels 

because  of  their  high  crosslink  density. 

4-3.1.7.   Enzvme  swelling  studies  (ESS)    in  unactivated  papain 
fESS#l-ESS#4^ . 

These  ESS's,  ESS#1  -  ESS#4  were  conducted  on  hydrogels  from 
the  same  batches  which  were  previously  used  in  SS#5,  SS#6, 
SS#13  and  SS#14,  respectively.   The  swelling  medium  was  a  3 
mg/ml  solution  of  papain  in  PBS  at  pH  7.2.   Papain  must  be 
activated  with  EDTA  and  cysteine  in  Tris-HCl  buffer  in  order 
for  significant  degradation  of  its  substrates  to  occur.   The 
papain  in  the  swelling  medium  was  not  activated  so  no 
significant  degradation  occurred  in  any  of  the  ESS's.   The 
major  differences  between  ESS's  and  their  corresponding  SS's 
were  that  their  was  a  rapid  increase  in  the  swelling  ratio 
during  the  first  12  hours  of  swelling.    At  12  hours  the 
hydrogels  in  ESS#1  (figure  4-21)  which  were  swelled  at  37^C 
had  a  Q^yg-value  of  65,  while  in  SS#5  these  hydrogel  discs  had 
^  Qavg-value  of  39  (37^0)  (figure  4-22).   At  12  hours  of 
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SS#17  AA/ALB(GAMMA  POLYMERIZ.) 

40%  MONOMER  SOLUTION 


200 


400 


600    800 
TIME(HRS) 


1000   1200   UOO 


AVG  Q  37  C  -  HIGH  37  C   -  LOW  37  C 


Figure  4-19. 


Average  Swelling  Ratio  vs.  Time  for  SS#17 
in  PBS.  40%  AA/ALB/7/N2,  tp  =  6.33 
hours,  3%  MA.  The  high  and  low  values 
represent  the  first  standard  deviation. 
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SS#18  AA/DEX(GAMMA  POLYMERIZ.) 

40%  MONOMER  SOLUTION 


600         800 
TIME(HRS) 


1000        1200        UOO 


AVG  Q    37  C    -    HIGH    37  C        -    LOW    37  C 


Figure  4-20. 


Average  Swelling  Ratio  vs.  Time  for  SS#18 
in  PBS.  40%  AA/DEX/7/N2,  tp  =  6.33 
hours,  3%  MA.  The  high  and  low  values 
represent  the  first  standard  deviation. 
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ESS#1  A  A/ALB    AIR 

30%  MONOMER  SOLUTION  tp  =  1  H 


100   200   300   400   500   500   700   800 
TIME(HRS) 


AVG  Q  37  C  -  HIGH  37  C   -  LOW  37  C 
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Figure  4-21. 


Average  Swelling  Ratio  vs.  Time  for  ESS#1 
in  PBS.  30%  AA/ALB/AIR,  tp  =  1  hour,  3% 
MA.  The  high  and  low  values  represent 
the  first  standard  deviation. 
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ESS#1  AND  SS#5    AA/ALB    AIR 

30%  MONOMER  SOLUTION 


f^-: 


100   200   300   400   500   600   700   800 
TIME(HRS) 


'■■'A. 


ESS#1  37  C    -    HIGH    37  C      -    LOW    37  C 
SS#5    37  C     X    HIGH    37  C      x    LOW    37  C 


Figure  4-22. 


Average  Swelling  Ratio  vs.  Time  for  ESS#1 
in  SS#5  in  unactivated  papain.  30% 
AA/ALB/ AIR,  tp  =  1  hour,  3%  MA.  The  high 
and  low  values  represent  the  first 
standard  deviation. 
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swelling  ESS#2  (figure  4-23)  had  a  Q^yg  value  of  60  and  the 

Qjyg-value  for  SS#6  at  this  time  interval  was  35  (figure  4-24)  . 
In  ESS#3  (figure  4-25)  at  12  hours  of  swelling  the  Q   -value 

was  64  and  for  SS#13  it  was  46.  Enzyme  swelling  study  #4 
(figure  4-26)  had  a  Q^yg-value  of  57  at  12  hours  of  swelling 
while  the  Q^^g-value  for  SS#14  was  48.  After  12  hours  the  Q^yg 

values  in  the  ESS's  leveled  off  and  became  constant.  Slight 
decreases  in  Qj^yg  occurred  but  for  the  most  part  there  was  no 
degradation  of  the  hydrogels.  The  Q^yg-values  for  these  ESS's 

were  about  an  average  of  10  units  higher  than  the  values  in 
their  corresponding  SS's.  There  is  a  possibility  that  the 
activity  of  the  papain  was  high  enough  to  break  up  the  2°  and 

3^  structure  of  the  albumin  crosslinks.    This  probably 

occurred  during  the  first  12  hours  of  swelling.  The  gels  in 
ESS#1  and  ESS#2  behaved  differently  from  their  corresponding 
gels  in  SS#5  and  SS#6  (tp  =  1  hour)  .  They  continued  to 
maintain  their  shape  and  underwent  very  little  degradation. 
They  behaved  similarly  to  the  gels  from  SS#13  and  SS#14  (tp  = 
22  hours)  .  The  discs  from  SS#5  and  SS#6  were  polymerized 
months  prior  to  this  ESS.  It  is  possible  that  further 
crosslinking  in  these  gels  may  have  occurred  over  this  period 
of  time  by  autooxidation. 


133 


ESS#2  AA/ALB    N2 

30%  MONOMER  SOLUTION  tp  =  1  H 


100   200   300   400   500   600   700   800 
TIME(HRS) 


AVG  Q  37  C  -  HIGH  37  C   -  LOW  37  C 


Figure  4-23. 


Average  Swelling  Ratio  vs  Time  for  ESS#2 
in  unactivated  papain.   30%  AA/ALB/N2, 
tp  =  1  hour,  3%  MA.   The  high  and  low 
values   represent   the   first   standard 
deviation. 
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ESS#2  AND  SS#6  AA/ALB    N2 

30%  MONOMER  SOLUTION 


100        200        300        400        500       600       700 
T1ME{HRS) 


800 


ESS#1  37  C    -    HIGH    37  C      -    LOW    37  C 
SS#6    37  C    X    HIGH    37  C      ^    LOW    37  C 


Figure  4-24. 


Average  Swelling  Ratio  vs  Time  for  ESS#2 
and  SS#6  in  unactivated  papain.  30% 
AA/ALB/N2,  tp  =  1  hour,  3%  MA.  The  high 
and  low  values  represent  the  first 
standard  deviation. 
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ESS#3  AA/ALB    N2 

40%  MONOMER  SOLUTION    tp  =  22  H 


100   200   300   400   500   600   700   800 
TIME(HRS) 


Q  AVG  37  C  -  HIGH  37  C   -  LOW  37  C 


Figure  4-25. 


Average  Swelling  Ratio  vs.  Time  for  ESS#3 
in  PBS.  40%  AA/ALB/N2,  ^P  =  22  hours,  3% 
MA.  The  high  and  low  values  represent 
the  first  standard  deviation. 
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ESS#4  AA/DEX    N2 

40%  MONOMER  SOLUTION    tp  =  22  H 


100   200   300   400   500   600   700   800 
TIME(HRS) 


AVG  Q  37  C  -  HIGH  37  C   -  LOW  37  C 
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Figure  4-26. 


Average  Swelling  Ratio  vs.  Time  for  ESS#4 
in  unactivated  papain.  40%  AA/DEX/N2,  ^P 
=  22  hours,  3%  MA.  The  high  and  low 
values  represent  the  first  standard 
deviation. 
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4.3.1.8.   Degradation  of  polvmer  hvdroaels  with  1  M  HCl. 

The  hydrogels  from  mass  polymerization  #1  (table  3-5)  were 
autoclaved  in  a  bomb  with  10  ml  of  1  M  HCl  at  100°C  for  -24 
hours.   This  was  done  to  determine  if  the  hydrogels  would 
degrade  by  cleavage  of  the  MA  peptide  bonds.   The  previous 
ESS's  with  unactivated  papain  showed  no  degradation  so  this 
technique  was  used  as  an  alternative  method  to  see  which 
hydrogels  would  degrade  under  these  conditions.   Some  of  the 
AA/ALB   hydrogels   completely   degraded,   others   partially 
degraded,  and  some  did  not  degrade.   The  gels  that  degraded 
completely  were  all  of  the  hydrogels  polymerized  for  1  hour 
(10%,  20%,  30%,  40%).   The  10%  AA/ALB  hydrogels  polymerized 
for  4  hours  and  12  hours  also  completely  degraded.    The 
hydrogels  that  partially  degraded  were  the  20%,  30%,  and  40% 
hydrogels  which  were  polymerized  for  4  hours,  the    20% 
hydrogels  which  were  polymerized  for  6  hours  and  12  hours,  and 
the  10%  hydrogels  which  were  polymerized  for  24  hours.   The 
gels  that  did  not  degrade  were  the  30%  and  40%  hydrogels 
polymerized  for  12  hours,  the  20%  hydrogels  polymerized  for  24 
hours,  and  the  30%  and  40%  hydrogels  polymerized  for  24  hours. 
Control  hydrogels  (AA/APS)  with  no  crosslinking  agent  were 
also  autoclaved  as  well  as  AA/DEX,  NVP/ALB,  and  NVP  hydrogels. 
The  30%  AA/APS  hydrogels  polymerized  for  1  hour  degraded 
completely,  and  the  40%  AA/APS  hydrogel  polymerized  for  24 
hours  did  not  degrade.   The  20%  AA/DEX  hydrogel  polymerized 


138 
for  6  hours  partially  degraded.  The  40%  NVP/ALB  and  40% 
NVP/ALB  7-polymerized  (0.20  Mrad)  hydrogels  degraded 
completely.  The  degradation  of  the  NVP  hydrogels  was  probably 
both  due  to  the  cleavage  of  the  albumin  peptide  crosslinks  and 
the  opening  of  the  pendant  pyrolidone  rings.  Table  4-3 
summarizes  the  results  of  the  1  M  HCl  autoclaving  of  the 
hydrogels.  This  shows  that  crosslinking  occurs  when  only  AA 
and  the  catalyst  (APS)  are  present. 

Solutions  from  the  degraded  hydrogels  in  1  M  HCl  were 
neutralized  and  later  analyzed  by  GPC  to  determine  the  MW  of 
the  degradation  products  of  the  hydrogels. 

The  degradation  information  obtained  from  autoclaving  of 
the  hydrogels  was  used  to  predict  which  gels  would  be  suitable 
for  use  as  degradable  hydrogels.  It  was  predicted  that  the 
hydrogels  with  30%  and  40%  monomer  polymerized  at  22  hours 
would  not  be  sufficient  as  degradable  hydrogels  due  to 
crosslinking  between  the  PAA  chains  as  seen  from  the  results 
of  the  autoclaving.  These  hydrogel  discs  maintained  their 
shape  and  did  not  degrade.  Since  they  would  not  degrade  under 
these  conditions  it  was  predicted  that  they  would  not  degrade 
in  PBS  or  enzyme  at  37°C.  '         ,  -".\     Cr-^ 

The  10%  and  20%  hydrogels  polymerized  for  24  hours  might 
be  suitable  depending  on  their  degradation  behavior.  The  10%, 
24  hour,  hydrogel  was  considered  a  good  prospect  since  it 
partially  degraded  in  1  M  HCl  at  100°C. 
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The  10%  and  20%  monomer  hydrogels  which  were  polymerized 

for  12  hours  were  predicted  to  probably  not  be  suitable  as 

degradable  hydrogels.  The  20%  hydrogel  did  swell  but  did  not 

break  up  completely  and  the  10%  hydrogel  completely  degraded. 

The  20%,  30%  and  40%  hydrogels  polymerized  for  4  hours  were 
predicted  to  possibly  be  suitable  as  degradable  hydrogels. 
The  10%  hydrogel  degraded  completely  so  this  would  not  be 
suitable. 

The  10%,  20%,  30%  hydrogels  which  were  polymerized  for  1 
hour  were  predicted  to  not  be  suitable  for  degradable 
hydrogels  since  they  degraded  completely.  Later  it  was  found 
that  the  40%  hydrogels  which  were  polymerized  for  1  hour  also 
degraded  completely.  Table  4-4  summarizes  the  predictions  for 
hydrogels  which  might  be  suitable  as  degradable  hydrogels. 
4.3.1.9   Mass  swelling  study  #1. 

Mass  swelling  study  #1  (MSS#1)  was  done  to  test  the 
swelling  and  degradation  behavior  of  hydrogels  polymerized  in 
mass  polymerization  #1  in  PBS  (Table  3-5) .  These  hydrogels 
were  expected  to  have  a  wide  variety  of  properties.  This 
study  was  used  to  predict  which  hydrogels  should  be  used  to 
conduct  the  enzyme  swelling  and  degradation  studies.  The 
extent  of  swelling  and  the  amount  of  degradation  was  used  to 
decide  this. 

The  hydrogels  polymerized  and  swelled  prior  to  MSS#1  had 
similar  swelling  properties.  There  were  two  main  groups. 
These  were  30%  monomer  AA/ALB  hydrogels  which  were  polymerized 
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for  1  hour  and  40%  AA/ALB  and  AA/DEX  hydrogels  which  were 
polymerized  for  18-24  hours.  The  18-24  hour  hydrogels  were 
found  to  be  unsuitable  for  use  as  degradable  hydrogels.  They 
did  not  solubilize  or  degrade  in  PBS  due  to  the  high  crosslink 
density  between  PAA  chains.  There  was  an  overabundance  of 
information  on  these  gels  and  a  lack  of  information  on  10%  and 
20%  gels  of  any  type  and  30%  and  40%  hydrogels  polymerized  for 
times  between  1  and  24  hours.  Since  this  was  observed, 
hydrogels  with  variations  in  monomer  concentration  (AA) , 
polymerization  times  and  crosslinking  agent  (MA)  concentration 
were  polymerized.  .  v 

Before  the  study  was  carried  out  it  was  predicted  that 
the  amount  of  swelling  in  the  hydrogel  discs  would  decrease  as 
the  concentration  of  the  monomer  in  the  monomer  solution  was 
increased  due  to  an  increase  in  the  amount  of  crosslinking 
between  PAA  chains.   The  amount  of  crosslinking  was  also 
expected  to  increase  with  an  increase  in  the  time  of 
polymerization  and  result  in  decreased  swelling.    It  was 
expected  that  the  swelling  ratios  of  the  hydrogels  which  were 
polymerized  for  shorter  periods  of  time  would  be  larger  than 
those  polymerized  for  longer  periods  of  time.   It  was  also 
predicted  that  the  hydrogel 's  lifetime  in  the  swelling  medium 
would  increase  as  the  concentration  of  the  monomer  in  the 
monomer  solution  increased. 

The  hydrogels  (3  discs  of  each  type)  (table  3-5)  were 
swelled  in  PBS  and  1  M  HCl  according  to  the  usual  procedures 
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(4.2.2)  at  37°C.   Figure  4-27  is  a  graph  showing  the  swelling 
and  degradation  behavior  in  PBS  of  io%,  20%,  30%  and  40%  mon- 
omer hydrogels  (AA/ALB)  polymerized  for  1  hour.  A  control  30% 
monomer  AA/APS  hydrogel  with  no  cross linking  agent  from  the 


MSS#1    IN  PBS  AA/ALB 

POLYMERIZATION  TIME  =  1   HOUR 


200 


400  600  800 

TIME(HOURS) 


1000  1200 


10%  MONOMER  -B-  20%  MONOMER  -^^  30%  MONOMER 
40%  MONOMER  ^-  30%  AA/APS 


Figure  4-27. 


Average  Swelling  Ratio  vs.  Time  for 
MSS#1-1PBS  in  PBS.   tp  =  1  hour,   3%  MA. 
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same  batch  as  the  hydrogels  in  SS#8  was  also  investigated. 
Figure  4-28  shows  these  same  gels  swelled  in  1  M  HCl  at  37°C. 
Figure  4-27  shows  that  each  of  the  i  hour  polymerized 
hydrogels  (10%,  20%,  30%,  40%)  behaved  differently.   The  10% 

monomer  hydrogels  solubilized  at  120  hours  with  a  maximum  Q^  „ 

avg 

of  only  25.  The  30%  monomer  hydrogels  solubilized  completely 
at  216  hours  and  were  able  to  be  pipetted  up  in  the  PBS 
solution  (maximum  Q^yg  =  68)  .  The  20%  hydrogels  had  a  maximum 
Qjjyg  of  60,  did  not  completely  solubilize  at  4.8  weeks  of 
swelling.  The  40%  hydrogels  had  the  highest  Q  of  this  group 
at  130.  These  gels  had  a  Q^^g  of  60  at  4.8  weeks  of  swelling. 
The  control  hydrogels  (30%  AA/APS)  solubilized  completely  by 
13  hours  of  swelling.  From  this  group  of  hydrogels  it  is 
observed  that  the  20%  and  40%  hydrogels  would  be  the  best  for 
use  as  degradable  hydrogels. 

Figure  4-28  shows  hydrogels  from  the  same  batches  as  in 
Figure  4-27,  swelled  in  1  M  HCl.  These  were  swelled  in  1  M 
HCl  (37°C)  to  see  if  it  would  degrade  the  albumin  crosslinks 
since  some  of  them  were  degraded  by  1  M  HCl  at  100°C  for  24 
hours.  From  the  graph  it  can  be  seen  that  little  swelling 
occurred  in  all  of  the  gels  (Q  <  20)  .  The  10%  gels 
solubilized  completely  by  24  hours.  The  small  Q  occurred 
because  of  the  protonation  of  the  PAA  with  the  HCl.  No 
degradation  occurred  in  the  gels  as  seen  by  a  slight  increase 
in  Q  with  time.   The  study  was  discontinued  since  no 
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MSS#1  IN  HCI  A  A/ALB 

POLYMERIZATION  TIME  =  1  HOUR 


50       100      150      200      250      300      350      400      450 
TIME(HOURS) 


10%  MONOMER  -B-  20%  MONOMER 
40%  MONOMER  -s-  30%  AA/APS 


30%  MONOMER 


Figure   4-28. 


Swelling  Ratio  vs.    Time   for  MSS#1-1H   in 
IM  HCI.      tp  =   1  hour,    3%  MA. 
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significant  results  were  obtained.  The  hydrogels  might  have 
degraded  if  10  N  HCl  would  have  been  used  as  a  swelling  medium 
instead  of  1  M  HCl. 

The  hydrogels  in  MSS#1  which  were  first  swelled  in  PBS  for 
835.17  hours  were  then  swelled  in  a  trypsin  solution  (10 
mg/ml)  in  PBS  at  pH  8.1.  The  trypsin  solution  was  pipetted  in 
place  of  the  PBS  after  the  4.8  week  interval.  The  only  gels 
remaining  at  this  time  were  the  20%  and  40%  hydrogels.  The 
40%  gels  showed  an  increased  rate  of  degradation  as  a  result 
of  the  change  in  swelling  medium  from  PBS  to  the  unactivated 
trypsin.  The  20%  hydrogels  solubilized  completely  after  24 
hours  of  exposure  to  the  unactivated  trypsin  solution.  Figure 
4-29  shows  the  overall  swelling  and  degradation  behavior  of 
MSS#1  in  PBS  and  then  in  trypsin.  Figure  4-30  shows  the 
swelling  and  degradation  behavior  of  the  hydrogels  after 
exposure  to  the  unactivated  trypsin  solution. 

Figure  4-31  shows  the  swelling  and  degradation  behavior  of 
hydrogels  (10%,  20%,  30%,  40%  monomer)  which  were  polymerized 
for  4  hours.  These  gels  were  swelled  in  PBS.  The  30%  monomer 
hydrogels  had  the  largest  Q^yg-values  which  were  much  less  than 
the  30%  monomer  hydrogels.  The  20%  and  40%  hydrogels  had 
similar  Q^yg-values.  They  had  an  increase  in  Q  up  until  168 
hours  of  swelling.  After  that  the  Q^yg  values  leveled  off, 
remained  constant  for  a  while  and  then  began  to  steadily 
decrease.  The  10%  hydrogels  solubilized  completely  within  5 
hours  of  swelling. 
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MSS#1    IN  PBS  IN  TRYPSIN  AA/ALB 

POLYMERIZATION  TIME  =  1   HOUR 


200 


400  600  800 

TIME(HOURS) 
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10%  MONOMER  -H-  20%  MONOMER 
40%  MONOMER  -s-  30%  AA/APS 


30%  MONOMER 


Figure  4-29. 


Average  Swelling  Ratio  vs.  Time  for 
MSS#1-1PBST  in  PBS  then  trypsin,  tp  =  1 
hour,    3%  MA. 
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MSS#1  IN  TRYPSIN  IN  PBS  AA/ALB 

POLYMERIZATION  TIME  =  1  HOUR 
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20%  MONOMER 


40%  MONOMER 


Figure  4-30. 


Average  Swelling  Ratio  vs.  Time  for 
MSS#1-1T  in  trypsin  after  835.17  hours  of 
swelling  in  PBS.  tp  =  1  hour,  3%  MA. 
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MSS#1  IN  PBS  A  A/ALB 

POLYMERIZATION  TIME  =  4  HRS 


100      200      300      400      500      600      700      800      900 
TIME(HOURS) 


-^  10%  MONOMER  -B-  20%  MONOMER  -*-  30%  MONOMER  -^  40%  MONOMER 


Figure  4-31. 


Average  Swelling  Ratio  vs.   Time  for 
MSS#1-4PBS  in  PBS.   tp  =  4  hours,  3%  MA. 
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Figure  4-32  shows  the  behavior  of  the  4 -hour  polymerized 
hydrogels  swelled  in  1  M  HCl.  There  was  very  little 
difference  in  the  Q-values  of  the  different  hydrogels  and  no 
degradation  behavior  was  evident  aside  from  the  10%  hydrogel 
solubilizing  by  48  hours. 

Figure  4-33  shows  the  overall  swelling  behavior  of  the  4- 
hour  polymerized  hydrogels  in  PBS  and  then  in  the  unactivated 
trypsin  solution.  The  20%,  30%  and  40%  gels  remained  when  the 
trypsin  solution  was  used  in  place  of  PBS  as  the  swelling 
medium.  The  Q^^g-values  of  the  20%,  30%  and  40%  hydrogels  are 


MSS#1  IN  HCl  AA/ALB 

POLYMERIZATION  TIME  =  4  HRS 


100 


150      200      250      300      350      400       450 
TIME(HOURS) 


1 0%  MONOMER 


20%  MONOMER 


30%  MONOMER 


40%  MONOMER 


Figure  4-32.        Swelling  Ratio  vs.    Time  for  MSS#1-4H  in  1  M 
HCl.       tp=4    hours,    3%   MA. 
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MSS#1    IN  PBS  IN  TRYPSIN  AA/ALB 

POLYMERIZATION  TIME  =  4  HRS 
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30%  MONOMER 


40%  MONOMER 


Figure  4-33. 


Average  Swelling  Ratio  vs.  Time  for 
MSS#l-l  PBST  in  PBS  then  trypsin,  tp  =  4 
hours,  3%  MA. 
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shown  to  decrease  significantly  when  the  trypsin  solution  was 
used  as  the  swelling  medium  after  835.17  hours  (4.8  weeks)  of 
swelling  in  PBS.  Figure  4-34  shows  the  swelling  and  degra- 
dation behavior  of  the  gels  after  the  unactivated  trypsin 
solution  was  used  as  the  swelling  medium. 

The  MSS#1  hydrogels  which  were  polymerized  for  12  hours  are 
shown  in  Figure  4-35.   The  hydrogels  were  swelled  in  PBS. 
Figure  4-36  shows  hydrogels  from  the  same  batches  swelled  in 
1  M  HCl,  and  Figure  4-37  shows  the  overall  behavior  of  the 
gels  when  they  swelled  first  in  PBS  (0-835.17  hours)  and  then 
in  unactivated  trypsin.   The  10%  hydrogels  in  PBS  had  the 
lowest  Q^yg-values.   The  40%  hydrogels  had  the  next  highest 
swelling  ratios,  then  the  20%  and  30%  with  the  highest.   The 
hydrogels  swelled  in  1  M  HCl  showed  no  degradation  behavior 
and  there  were  no  significant  differences  between  the 
behaviors  of  the  different  gel  types.  Figure  4-37  showed  that 
the  10%  hydrogels  solubilized  completely  by  72  hours  after 
exposure  to  the  unactivated  trypsin  solution.   The  20%,  30% 
and  40%  hydrogels  showed  a  slight  increase  in  swelling  ratio 
due  to  the  degradation  of  the  2°  and  3°  structure  of  the  MA. 
After  a  certain  amount  of  time  of  exposure  to  the  unactivated 
trypsin  solution  the  Q   -values  for  these  gels  decreased  most 
likely  indicating  that  cleavage  of  the  albumin  chains 
occurred.   The  increased  amount  of  cross linking  between  PAA 
chains  due  to  the  longer  polymerization  time  (12(11)  hours), 
prevented  the  total  solubilization  and  degradation  of  the 
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MSS#1  IN  TRYPSIN  IN  PBS  AA/ALB 

POLYMERIZATION  TIME  =  4  HRS 
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Figure  4-34. 


Average  Swelling  Ratio  vs.  Time  for 
MSS#1-4T  in  trypsin  after  835.17  hours  of 
swelling  in  PBS.   tp  =  4  hours,  3%  MA. 
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MSS#1  IN  PBS    AA/ALB 

POLYMERIZATION  TIME  =  12HRS 


100      200      300      400      500      600      700      800      900 
TIME(HOURS) 


-*-  10%  MONOMER  -B-  20%  MONOMER  ^^  30%  MONOMER  -^  40%  MONOMER 


Figure  4-35. 


Average  Swelling  Ratio  vs.  Time  for 
MSS#1-12PBS  in  PBS.  tp  =  12  hours,  3% 
MA. 
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MSS#1  IN  HCI  A  A/ALB 

POLYMERIZATION  TIME  ^  12HRS 


50       100      150      200      250      300      350      400      450 
TIME(HOURS) 


10%  MONOMER  s-  20%  MONOMER  -^  30%  MONOMER  -^  40%  MONOMER 


Figure  4-36. 


Average  Swelling  Ratio  vs  Time  for 
MSS#1-12  in  1  M  HCI.   tp  =  12  hours - 
3%  MA. 
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MSS#1  IN  PBS  IN  TRYPSIN  AA/ALB 

POLYMERIZATION  TIME  =  12HRS 
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Figure  4-37. 


Average  Swelling  Ratio  vs.   Time  for 
MSS#1-12PBST  in  PBS  then  trypsin, 
tp  =  12  hours,  3%  MA. 
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hydrogels,  that  was  found  in  some  of  the  hydrogels  which  were 
polymerized  for  1  hour  and  4  hours. 

Figure  4-38  shows  the  behavior  of  the  12 -hour  hydrogels 
exposed  to  the  unactivated  trypsin  solution  after  swelling  in 
PBS  for  4.8  weeks.  The  hydrogels  which  were  polymerized  for 
24(22)  hours  and  swelled  in  PBS  are  shown  in  Figure  4-39.  The 
hydrogels  all  show  a  very  similar  pattern  of  swelling  and 
degradation  behaviors  similar  to  those  in  SS's  12,  13,  and  14. 
Here  the  swelling  behavior  was  attributed  to  the  crosslink 
density  of  the  PAA  chains  which  overshadowed  the  contribution 
of  the  crosslink  density  of  the  MA.   The  Q^„  -values  for  the 
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20%  monomer  hydrogels  were  the  highest  values,  those  from  the 
10%  hydrogels  were  the  next  highest  followed  by  the  30% 
monomer  and  and  then  the  40%  monomer  gels.  The  40%  monomer 
AA/APS  hydrogel  with  no  crosslinking  agent  had  Q  -values 
slightly  higher  than  those  of  the  40%  monomer  AA/ALB.  This 
was  probably  due  to  the  absence  of  the  crosslinks  that  would 
occur  if  the  MA  was  present.  All  the  hydrogels  present  in 
Figure  4-39  would  probably  last  too  long  to  be  used  as 
degradable  hydrogels. 

Hydrogels  polymerized  for  24  hours  and  swelled  in  1  M  HCl 
(10%,  20%,  30%  and  40%  monomer  AA/ALB  and  40%  AA/APS)  are 
shown  in  figure  4-40.  All  of  the  gels  have  almost  the  same 
pattern  of  swelling  and  almost  the  same  Q-values.  There  was 
also  no  indication  of  the  degradation  behavior.  Here  it  can 
be  seen  that  the  similarity  in  the  swelling  and  degradation 
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MSS#1    IN  TRYPSIN    IN  PBS  AA/ALB 

POLYMERIZATION  TIME  =  12HRS 
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Figure  4-38. 


Average   Swelling  Ratio  vs   Time   for 
MSS#1-12T   in   trypsin   after   837   hours   of 
swelling  in  PBS.      tp  =  12  hours,    3%  MA. 
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MSS#1    IN  PBS  AA/ALB 

POLYMERIZATION  TIME  =  24  HOUR 
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Figure  4-39. 


Average  Swelling  Ratio  vs  Time  for 
MSS#1-24PBS  in  PBS.   tp  =  24  hours,  3%  MA. 
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MSS#1    IN  HCI  AA/ALB 

POLYMERIZATION  TIME  =  24  HOUR 
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Figure  4-40. 


Swelling  Ratio  vs.  Time  for  MSS#1-24H  in 
1  M   HCI.  tp  =  24  hours,  3%  MA. 
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behaviors  was  most  likely  due  to  the  polymerization  time  of  24 
hours  which  caused  a  high  PAA  crosslink  density. 

Figure  4-41  shows  the  overall  swelling  and  degradation 
behavior  of  the  24  hour  hydrogels  swelled  in  PBS  first  and 
then  in  trypsin.  After  the  trypsin  was  used  as  the  swelling 
medium  there  was  a  slight  increase  in  the  Q^^g-values  of  the 
hydrogels  due  to  cleavage  of  the  MA  crosslinks.  The  increase 
was  minimal  in  most  cases  due  to  the  high  crosslink  density 
between  the  PAA  chains  which  were  uncleavable  by  the 
unactivated  trypsin  solution. 

Figure  4-42  shows  the  swelling  and  degradation  behavior  of 
the  24  hour  hydrogels  in  the  unactivated  trypsin  solution 
after  835.17  hours  of  swelling  in  PBS.  The  differences  in  the 
magnitudes  of  the  swelling  ratios  in  the  various  hydrogels  was 
due  to  the  concentration  of  the  AA  in  the  monomer  solution. 
The  crosslink  density  was  affected  by  this  concentration  as 
well  as  the  polymerization  time.  It  would  have  been  predicted 
that  the  crosslink  density  based  on  monomer  concentration 
would  increase  with  an  increase  in  the  amount  of  monomer. 
Here  the  20%  monomer  hydrogels  had  the  lowest  crosslink 
density  as  indicated  by  having  the  highest  Q   ,  as  opposed  to 
the  10%  monomer  hydrogels  which  would  be  expected  to  have  the 
lowest  crosslink  density.  This  could  have  happened  due  to  the 
fact  that  the  10%  hydrogel  discs  were  very  thin  compared  to 
the  20%  hydrogel  discs.    The  thinness  of  the  10%  discs 
probably  allowed  easier  and  faster  diffusion  of  the 
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MSS#1  IN  PBS  IN  TRYPSIN  AA/ALB 

POLYMERIZATION  TIME  =  24  HOUR 
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Figure  4-41. 


Average  Swelling  Ratio  vs.    Time  for 
MSS#l-24PBST  in  PBS  then  trypsin, 
tp  =  24  hours,    3%  MA. 
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MSS#1  IN  TRYPSIN  IN  PBS  AA/ALB 

POLYMERIZATION  TIME  =  24  HOUR 
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Figure  4-42. 


Average  Swelling  Ratio  vs  Time  for  MSS#1- 
24T  in  trypsin  after  835  hours  of  swelling 
in  PBS.   tp  =  24  hours,  3%  MA. 
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unactivated  trypsin  solution  into  the  discs  allowing  cleavage 
and  the  MA  crosslinks.  Although  the  MA  crosslinks  were 
cleaved  the  PAA  crosslinks  still  did  not  allow  much  swelling 
to  occur  in  the  10%  hydrogels.  The  30%  and  40%  monomer  AA/ALB 
hydrogels  had  very  similar  swelling  and  degradation  patterns 
with  the  40%  hydrogels  having  the  lower  Q„„„-values.   The 
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control  40%  monomer  AA/APS  hydrogels  with  no  crosslinking 
agent  had  Q^yg- values  in-between  those  for  30%  and  40%  monomer 
AA/ALB  hydrogels. 
4.3.1.10  Mass  swelling  study  #2. 

Several  different  types  of  hydrogels  were  investigated  in 
MSS#2.  They  were  swelled  in  an  activated  trypsin  solution 
according  to  the  procedures  discussed  in  section  4.2.2.   The 
compositions  of  each  hydrogel  at  each  polymerization  time  were 
summarized  in  Table  3-6.   Figure  4-43  shows  the  swelling  and 
degradation  behavior  of  all  of  the  hydrogels  polymerized  for 
1  hour.  The  hydrogels  in  these  studies  exhibited  swelling  and 
degradation  behaviors  which  were  very  different  from  those  in 
PBS  in  MSS#1.   The  activating  solution  contained  CaCl2  which 
probably  reacted  with  the  PAA  chains  by  the  Ca++  acting  as  a 
bridge  between  the  carboxylate  anions  of  the  polymer  chains. 
There  was  also  degradation  of  the  MA  crosslinks  as  shown  by  a 
decrease  in  the  swelling  ratios  of  gels  swelled  in  the 
activated  trypsin  solutions  when  compared  to  the  gels  swelled 
in  the  activation  solutions  without  trypsin  (Figure  4-44) . 
Figures  4-45  through  4-50  show  the  individual  swelling  and 
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MSS#2  IN  TRYPSIN  (10  mg/ml) 

POLYMERIZATION  TIME  =  1    H 
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40%  AA/ALB  -^-  20%  AA/DEX  -»-  30%  AA/APS 


Figure  4-43. 


Average  Swelling  Ratio  vs.  Time  for 
MSS#2-1T  in  activated  trypsin.  tp  =  1 
hour,  3%  MA. 
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MSS#2  IN  TRIS-HCI 

POLYMERIZATION  TIME  =  1  H 


50        100 


150       200       250       300       350       400 
TIME(HOURS) 


-^10%  A  A/ ALB 
-^  40%  AA/ALB 


20%  AA/ALB 
20%  AA/DEX 


30%  AA/ALB 
30%  AA/APS 


Figure  4-44. 


Average  Swelling  Ratio  vs.  Time  for 
MSS#2-1TH  in  Tris-HCl.  tp  =  1  hour,  3% 
MA. 
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degradation  behaviors  of  the  6  different  hydrogels  which  were 
polymerized  for  1  hour.  These  graphs  compare  the  behavior  of 
these  gels  in  the  activated  trypsin  solution  with  their 
behavior  in  the  activating  solution  alone  without  trypsin. 

Figure  4-45  compares  the  swelling  and  degradation  behavior 
of  10%  monomer  AA/ALB  hydrogels  in  activated  trypsin  vs.  the 
activating  solution  without  trypsin.  There  was  not  much 
difference  between  the  two.  This  was  because  the  polymeriza- 
tion time  of  one  hour  and  the  low  concentration  of  AA  in  the 
monomer  solution  were  not  sufficient  to  introduce  crosslinks 
which  would  allow  the  formation  of  the  3-D  hydrogel  network. 
Polymer  chains  were  formed  but  there  was  no  crosslinking.  The 
swelling  ratios  obtained  were  less  than  5  and  the  hydrogels 
behaved  very  similar  to  the  30%  AA/APS  (tp  =  1  hour)  control 
gels  with  no  crosslinking  agent.  (The  conversion  during  the 
polymerization  was  too  low  to  reach  a  gel  point.) 

Twenty  percent  monomer  AA/ALB  hydrogels  were  analyzed  in 
Figure  4-46.  The  Qj,yg-values  of  the  hydrogels  swelled  in 
activated  trypsin  were  less  than  those  in  the  activating 
solution  without  trypsin.  These  gels  in  trypsin  also  degraded 
sooner  than  those  in  the  activating  solution.  This  shows  that 
there  is  degradation  of  the  hydrogels  being  brought  about  by 
the  trypsin  as  well  as  the  activating  solution.  The  gels  lost 
much  of  their  weight  by  132.5  hours  of  exposure  to  activated 
trypsin  and  168.5  hours  of  exposure  to  the  activating  solution 
for  trypsin  where  their  swelling  ratios  were  zero.  There  was 
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MSS#2  10%  AA/ALB 
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Figure  4-45, 


Average  Swelling  Ratio  vs.  Time  for 
MSS#2-1-10T  in  activated  trypsin  vs. 
Tris-HCl.   10%  AA/ALB,  tp  =  1  hour,  3% 
MA.   The  high  and  low  values  represent 
the  first  standard  deviation. 
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MSSP  20%  AA/ALB 

POLYMERIZATION  TIME  =  1  H 
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Figure  4-46. 


Average  Swelling  Ratio  vs  Time  for  MSS#2- 
1-20TA  in  activated  trypsin  vs  Tris-HCl. 
20%  AA/ALB,  tp  =  1  hour,  3%  MA.  The  high 
and  low  values  represent  the  first 
standard  deviation. 
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material  remaining  in  the  discs  at  this  point  however  the 
material  appeared  to  be  spongy  and  porous. 

Figure  4-47  shows  the  20%  monomer  AA/DEX  hydrogels  which 
were  polymerized  for  1  hour.  There  was  not  much  difference 
between  the  swelling  and  degradation  behavior  of  the  hydrogels 
exposed  to  the  activating  solution  without  trypsin.  This 
indicates  that  the  trypsin  had  little  effect  on  the  MD 
crosslinks.  Compared  to  the  other  hydrogels  polymerized  at  1 
hour  the  swelling  ratios  of  these  20%  AA/DEX  hydrogels  had 
much  larger  swelling  ratios  in  both  swelling  media.  The 
hydrogels  exposed  to  activated  trypsin  had  a  swelling  ratio 
near  zero  after  217  hours  of  swelling  while  those  exposed  to 
the  activating  solution  without  trypsin  had  a  swelling  ratio 
near  zero  after  132.5  hours  of  exposure.  There  was  a  porous 
spongy  material  which  remained  from  these  intervals  which 
remained  until  the  study  was  discontinued  after  385.5  hours  of 
exposure.  .  \^   r      v   *  .■  ,^  v 

The  30%  monomer  AA/ALB  hydrogels  were  shown  in  Figure 
4-48.  The  Qgyg-values  for  the  hydrogels  swelled  in  the 
activated  trypsin  solution  were  slightly  lower  (-5  units)  than 
those  in  the  activating  solution.  There  was  not  much 
difference  between  the  swelling  and  degradation  behavior  of 
the  hydrogels  in  these  two  swelling  medium. 
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MSS#2  20%  AA/DEX 
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Figure  4-47. 


Average  Swelling  Ratio  vs.  Time  for 
MSS#2-1-20TD  in  activated  trypsin  vs. 
Tris-HCl.   20%  AA/DEX,  tp  =  1  hour,  3% 
MA.   The  high  and  low  values  represent 
the  first  standard  deviation. 
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MSS#2  30%  AA/ALB 

POLYMERIZATION  TIME  =  1   H 
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Figure  4-48. 


Average  Swelling  Ratio  vs.  Time  for 
MSS#2-1-30T  in  activated  trypsin  vs.  Tris- 
HCl.   30%  AA/ALB,  tp  =  1  hour,  3%  MA.  The 
high  and  low  values  represent  the  first 
standard  deviation. 
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Figure  4-49  shows  the  swelling  and  degradation  behavior  of 
the  control  30%  monomer  AA/APS  hydrogels  with  no  crosslinking 
agent.   The  hydrogel  in  the  activating  solution  for  trypsin 
had  Q-values  near  zero  much  sooner  (13.5  hours)  than  those  in 
the  activated  trypsin  solution.   The  Q-values  were  very  low. 
The  40%  monomer  AA/ALB  hydrogels  which  were  swelled  in  the 
two  swelling  media  are  shown  in  Figure  4-50.  The  hydrogels  in 
the  activated  trypsin  solution  had  higher  Q   values  during 
the  first  72  hours  of  swelling  than  those  in  the  activating 
solution  without  trypsin.   After  72  hours  the  hydrogels  in 
trypsin  began  to  show  a  decrease  in  Q   -value  by  the  diffusion 
of  PAA  out  of  the  hydrogel  discs.   The  hydrogels  in  the 
activating  solution  increased  in  swelling  ratio  until  168.5 
hours  of  swelling.   After  this  there  was  a  decrease  in  the 
swelling  ratio  as  PAA  diffused  out  of  the  hydrogel  discs.  The 
hydrogels  swelled  in  activated  trypsin  reached  a  Q   value  of 
zero  at  313  hours  and  the  hydrogel  in  the  activating  solution 
reached  a  Q-value  of  zero  at  385.5  hours. 

Four  hydrogels  polymerized  for  4  hours  (10%,  20%,  30%,  40% 
AA/ALB) ,  one  hydrogel  polymerized  for  6  hours  (20%  AA/DEX)  and 
1  hydrogel  7-polymerized  (40%  NVP/ALB)  for  6.33  hours  (-0.20 
Mrad)  are  shown  in  figure  4-51  and  figure  4-52  These  gels 
were  swelled  in  activated  trypsin  and  in  the  activating 
solution  without  papain. 

The  10%  monomer  AA/ALB  hydrogels  which  were  polymerized  for 
4  hours  are  shown  in  figure  4-53.  The  swelling  ratios  for  the 
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MSS#2  30%  AA/APS 

POLYMERIZATION  TIME  =  1   H 
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Figure  4-49. 


Average  Swelling  Ratio  vs  Time  for 
MSS#2-1-30TC  in  activated  trypsin  vs  Tris- 
HCl.  30%  AA/APS,  no  crosslinking  agent, 
tp  =  1  hour,  3%  MA.  The  high  and  low 
values  represent  the  first  standard 
deviation. 
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MSS#2  40%  AA/ALB 

POLYMERIZATION  TIME  =  1  H 
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Figure  4-50. 


Average  Swelling  Ratio  vs  Time  for 
MSS#2-1-40T  in  activated  trypsin  vs  Tris- 
HCl.   40%  AA/ALB,  tp  =  1  hour,  3%  MA.  The 
high  and  low  values  represent  the  first 
standard  deviation. 
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MSS#2  IN  TRYPSIN  (10  mg/ml) 

POLYMERIZATION  TIME  -  4  H 
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Figure  4-51. 


Average  Swelling  Ratio  vs.  Time  for 
MSS#2-4T  in  activated  trypsin.  tp  =  4 
hours,  3%  MA. 
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MSSp  IN  TRIS-HCI 

POLYMERIZATION  TIME  =  4  H 
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Figure  4-52. 


Average  Swelling  Ratio  vs  Time  for 
MSS#2-4T  in  Tris-HCl.  tp  =  4  hours,  3%  MA. 
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Figure  4-53. 


Average  Swelling  Ratio  vs.  Time  for 
MSS#2-4-10T  in  activated  trypsin  vs. 
Tris-HCl.   10%  AA/ALB,  tp  =  4  hours,  3% 
MA.   The  high  and  low  values  represent 
the  first  standard  deviation. 
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hydrogels  in  both  swelling  media  were  less  than  5  units 
throughout  the  whole  study.  The  gels  in  the  activated  trypsin 
solubilized  completely  by  4.5  hours  and  those  in  the  acti- 
vating solution  without  trypsin  solubilized  completely  by  3.5 
hours . 

The  20%  monomer  AA/ALB  hydrogels  which  were  polymerized  for 
4  hours  are  shown  in  figure  4-54.  The  hydrogel  swelled  in  the 
activating  solution  without  trypsin  solubilized  at  13.5  hours. 

The  hydrogels  in  the  activated  trypsin  solution  reached  a  Q,,„- 

avg 

value  of  zero  at  49  hours  of  swelling.  20%  monomer  AA/DEX 
hydrogels  (figure  4-55)  had  much  higher  swelling  ratios  than 
the  20%  monomer  AA/ALB  hydrogels.  The  hydrogels  had  the 
similar  swelling  and  degradation  trends  for  the  most  part  in 
both  of  the  swelling  media.  The  hydrogels  in  trypsin  had 
slightly  lower  swelling  ratios,  than  the  hydrogel  in  the 
activating  solution  without  trypsin. 

The  30%  and  40%  monomer  AA/ALB  hydrogels  swelled  in  the  two 
swelling  media  are  found  in  figures  4-56  and  4-57,  respec- 
tively. The  30%  hydrogels  in  activated  trypsin  reached  a  Q,,„- 

avg 

value  of  zero  at  168.5  hours  while  the  hydrogel  in  the 
activating  solution  without  trypsin  reached  a  zero  Q-value  at 
217  hours.  The  40%  monomer  hydrogels  had  Q^yg-values  in  both 
swelling  media  (Q<20) . 

Figures  4-58  and  4-59  show  40%  monomer  NVP  hydrogels  which 
were  crosslinked  with  MA  and  MD,  respectively.  These  gels 
were  7-polymerized  for  6.33  hours  at  4  inches  from  the 
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Figure  4-54. 


Average  Swelling  Ratio  vs  Time  for 
MSS#2-4-20TA  in  activated  trypsin  vs  tris- 
HCl.    20%  AA/ALB,  tp  =  4  hours,  3%  MA. 
The  high  and  low  values  represent  the 
first  standard  deviation. 
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Figure  4-55. 


Average  Swelling  Ratio  vs  Time  for 
MSS#2-6-20TD  in  activated  trypsin  vs  tris- 
HCl.   20%  AA/DEX,  tp  =  6  hours,  3%  MA. 
The  high  and  low  values  represent  the 
first  standard  deviation. 
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MSS#2  30%  AA/ALB 

POLYMERIZATION  TIME  =  4  H 
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Figure  4-56. 


Average  Swelling  Ratio  vs  Time  for 
MSS#2-4-30T  in  activated  trypsin  vs  tris- 
HCl.    30%  AA/ALB,  tp  =  4  hours,  3%  MA. 
The  high  and  low  values  represent  the 
first  standard  deviation. 
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MSS#2  40%  AA/ALB 

POLYMERIZATION  TIME  =  4  H 
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Figure  4-57. 


Average  Swelling  Ratio  vs  Time  for  MSS#2- 
4-40T  in  activated  trypsin  vs  tris-HCl. 
40%  AA/ALB,  tp  =  4  hours,  3%  MA.  The  high 
and  low  values  represent  the  first 
standard  deviation. 
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MSS#2  40%  NVP/ALB 

POLYMERIZATION  TIME  =  6  H 
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Figure  4-58. 


Average  Swelling  Ratio  vs  Time  for 
MSS#2-6-40TNA  in  activated  trypsin  vs 
tris-HCl.   40%  NVP/ALB,  tp  =  6  hours, 
3%  MA.  The  high  and  low  values  represent 
the  first  standard  deviation. 
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MSS#2  40%  NVP/DEX 

POLYMERIZATION  TIME  =  5  H 
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Figure  4-59. 


Average  Swelling  Ratio  vs  Time  for 
MSS#2-6-40TND  in  activated  trypsin  vs 
tris-HCl.   40%  AA/DEX,  tp  =  6  hours,  3% 
MA.   The  high  and  low  values  represent 
the  first  standard  deviation. 
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7  source  (-0.20  Mrad) .   The  40%  monomer  NVP/ALB  hydrogels 
lower  swelling  ratios  in  the  activating  solution  without 
trypsin.    The  40%  monomer  NVP/DEX  hydrogels  had  higher 
swelling  ratios,  initially,  in  the  activated  trypsin  up  until 
about  125  hours  of  swelling.   After  this  the  swelling  ratios 
in  the  activating  solution  without  trypsin  were  highter  than 
those  in  the  activated  trypsin  solution. 

Figures  4-60  and  4-61  show  hydrogels  which  were  polymerized 
for  12  hours  swelled  in  activated  trypsin  and  the  activating 
solution  for  trypsin,  respectively.  The  10%  monomer  AA/ALB 
hydrogels  shown  in  figure  4-62  showed  that  the  hydrogels 
completely  solubilized  by  4.5  hours.  Figure  4-63  shows  that 
the  20%  monomer  AA/ALB  hydrogels  polymerized  for  12  hours  had 
very  similar  swelling  and  degradation  behaviors  in  both 
swelling  media.  The  same  results  were  found  in  the  20% 
monomer  AA/DEX  hydrogels  in  figure  4-64  except  for  the  fact 
that  the  Q^^g  values  for  the  20%  AA/DEX  gels  were  higher. 

Figures  4-65  and  4-66  show  the  swelling  and  degradation 
behavior  of  the  different  hydrogels  which  were  polymerized  at 
24  hours  swelled  in  activated  trypsin  solution  and  in  the 
activating  solution  for  trypsin,  respectively.  Figure  4-67 
shows  a  comparison  of  the  10%  hydrogels  in  the  two  swelling 
media.  There  was  little  difference  in  their  swelling  and 
degradation  behavior  in  the  two  solutions.  This  was  probably 
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MSS#  2  IN  TRYPSIN  (10  mg/ml) 

POLYMERIZATION  TIME  =  1 2  H 
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Figxire  4-60. 


Average  Swelling  Ratio  vs.  Time  for 
MSS#2-12T  in  activated  trypsin,  tp  =  12 
hours,  3%  MA 
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MSS#2  IN  TRIS-HCI 

POLYMERIZATION  TIME  :r  1 2  H 
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Figure  4-61. 


Average  Swelling  Ratio  vs.  Time  for 
MSS#2-12TH  in  Tris-HCl.  tp  =  12  hours, 
3%  MA. 
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Figure  4-62. 


Average  Swelling  Ratio  vs  Time  for 
MSS#2-12-10T  in  activated  trypsin  vs 
tris-HCl.   10%  AA/ALB,  tp  =  12  hours,  3% 
MA.   The  high  and  low  values  represent 
the  first  standard  deviation. 
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MSS#2  20%  AA/ALB 
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Figure  4-63, 


Average  Swelling  Ratio  vs.  Time  for 
MSS#2-12-20TA  in  activated  trypsin  vs. 
Tris-HCl.   tp  =  12  hours,  3%  MA.   The 
high  and  low  values  represent  the  first 
standard  deviation. 
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MSS#2  20%  AA/DEX 

POLYMERIZATION  TIME  =  1 2  H 
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Figure  4-64. 


Average  Swelling  ratio  vs.  Time  for 
MSS#2-12-20TD  in  activated  trypsin,  vs. 
Tris-HCl.   tp  =  12  hours,  3%  MA.   The 
high  and  low  values  represent  the  first 
standard  deviation. 
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MSS#2  IN  TRYPSIN  (10  mg/ml) 

POLYMERIZATION  TIME  =  24  H 
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Figure  4-65. 


Average  Swelling  Ratio  vs  Time  for 
MSS#2-24T  in  activated  trypsin,   tp  =  24 
hours,  3%  MA. 
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MSS#2  IN  TR!S~HCI 

POLYMERIZATION  TIME  =  24  H 
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Figure  4-66. 


Average  Swelling  Ratio  vs  Time  for 
MSS#2-24TH  in  tris-HCl.  tp  =  24  hours, 
3%  MA. 
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MSS#2    10%  AA/ALB 

POLYMERIZATION  TIME  =  24  H 
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Figure  4-67. 


Average   Swelling  Ratio   vs   Time   for 
MSS#2-24-10T  in  activated  trypsin  vs 
tris-HCl.   10%  AA/ALB,  tp  =  24  hours, 
3%  MA.  The  high  and  low  values  represent 
the  first  standard  deviation. 
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due  to  the  high  crosslink  density  of  the  PAA  crosslinks 
overshadowing  the  effects  of  the  cleavage  of  MA  crosslinks. 
Figure  4-68  shows  the  20%  monomer  AA/ALB  hydrogels  swelled  in 
the  activated  trypsin  solution  compared  with  the  activating 
solution  without  trypsin.  There  was  little  difference  between 
the  swelling  ratios  and  the  degradation  behaviors  in  the  two 
swelling  media  here  as  well.    Figure  4-69  shows  the  20% 
monomer  AA/DEX  hydrogels.    The  hydrogels  showed  similar 
degradation  patterns  but  the  activating  solution  caused  a  zero 
Q-value  sooner  than  the  hydrogels  swelled  in  the  activating 
solution  without  trypsin.   Figure  4-70  shows  the  swelling 
behavior  of  the  40%  monomer  AA/APS  hydrogels  which  had  no 
crosslinking  agent.  The  hydrogels  had  very  similar  behaviors 
in  both  swelling  media  due  to  the  high  crosslink  density 
produced  by  the  high  monomer  concentration  and  the  24  hour 
polymerization  time. 

4.3.1.11  Mass  swelling  study  )^3. 

Mass  swelling  study  #3  was  conducted  to  investigate  the 
swelling  and  degradation  behavior  of  hydrogels  polymerized 
with  a  crosslinking  agent  (MA)  concentration  of  10%  by  weight 
of  the  monomer  in  the  monomer  solution.  Hydrogels  of  many 
different  compositions  were  investigated  and  are  summarized  in 
Table  3-7.  The  hydrogels  of  each  type  were  swelled  in 
activated  papain  solution  (pH  7.5),  the  papain  activating 
solution  (pH  7.5),  unactivated  trypsin  (pH  7.5)  and  in  a 
control  PBS-NaN3  solution  (pH  7.5).  '  ■  ^ 
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MSS#2  20%  AA/ALB 

POLYMERIZATION  TIME  =  24  H 
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Figure  4-68. 


Average  Swelling  Ratio  vs.  Time  for 
MSS#2-24-20TA  in  activated  trypsin  vs. 
tris-HCl.   20%  AA/ALB,  tp  =  24  hours,  3% 
MA.   The  high  and  low  values  represent 
the  first  standard  deviation. 
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MSS#2  20%  AA/DEX 

POLYMERIZATION  TIME  =  24  H 
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Figure  4-69. 


Average  Swelling  Ratio  vs.  Time  for 
MSS#2-24-20TD  in  activated  trypsin  vs 
tris-HCl.  20%  AA/DEX,  tp  =  24  hours,  3% 
MA.  The  high  and  low  values  represent 
the  first  standard  deviation. 
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MSS#2  40%  AA/APS 

POLYMERIZATION  TIME  =  24  H 


50    100    150    200    250    300    350    400 
TIME(HOURS) 


AVERAGE 


TRYPSIN  HIGH     ^     TRYPSIN  LOW  -m-  TRIS-HCI 


Figure  4-70. 


Average  Swelling  Ratio  vs  Time  for  MSS#2- 

24-4 OTC  in  activated  trypsin  vs  tris-HCl. 

40%  AA/APS,  no  crosslinking  agent, 

tp  =  24  hours,  3%  MA.   The  high  and  low 

values   represent   the   first   standard 

deviation. 
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Figure  4-71  and  4-72  show  the  AA/ALB  hydrogels  (10%,  20%, 
30%,  40%)  which  were  polymerized  for  1  hour.   They  were 
swelled  in  activated  papain  and  the  activating  solution  for 
papain,  respectively.    Figures  4-73  and  4-74  show  AA/ALB 
hydrogels  of  the  same  types  which  were  swelled  in  unactivated 
trypsin  and  the  buffer  for  trypsin,  respectively.  Figure  4-75 
shows  the  comparison  of  the  swelling  and  degradation  behavior 
of  10%  hydrogels  (tp  =  2.5  hours)  swelled  in  activated  papain 
and  in  the  activating  solution  for  papain.   The  gels  swelled 
in  papain  solubilized  at  7  hours  of  swelling.  The  hydrogels  in 
the  activating  solution  without  papain  solubilized  in  24 
hours.    Figure  4-76  shows  the  swelling  and  degradation 
behavior  of  the  10%  hydrogels  (tp  =  2.5  hours)  swelled  in 
unactivated  trypsin  and  compares  them  to  the  gel  swelled  in 
PBS  and  NaNj.   Here  the  hydrogels  swelled  in  the  unactivated 
trypsin  solution  solubilized  well  before  (12  hours)  those  in 
the  PBS  and  NaNj  solution  (115.17  hours).  The  hydrogels  from 
the  two  solutions  had  the  same  maximum  Q-value  within  the 
first  hour  of  swelling. 

Figure  4-77  shows  the  swelling  and  degradation  behavior  of 
the  2  0%  monomer  AA/ALB  hydrogels  in  the  activated  papain 
solution  and  the  activating  solution  for  papain.  These 
hydrogels  were  polymerized  for  1  hour.  The  swelled  hydrogels 
in  the  activated  papain  solution  had  higher  Q  -values  (11-20 
units  higher)  than  those  swelled  in  the  activating  solution 
without  papain.   The  gels  in  both  solutions  completely 
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Figure  4-71. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3P-i  in  activated  papain.  tp  =  i 
hour,  10%  MA 
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Figure  4-72. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3PB-1  in  the  activating  solution  for 
papain,   tp  =  l  hour,  10%  MA. 
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MSS#3  IN  TRYPSIN  (10  mg/ml) 

MA  10%        tp  =  1   H 
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Figure  4-73. 


Average  Swelling  Ratio  vs.  Time  for 
MSS#3T-1  in  unactivated  trypsin,  tp  =  1 
hour,  10%  MA. 
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MSS#3  IN  PBS,    NaN3 

MA   10%        tp  =  1    H 
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Figure  4-74. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3TB-1  in  PBS-NaN3.   tp  =  1  hour, 
10%  MA.     The  high  and   low  values 
represent  the  first  standard  deviation. 
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Figure  4-75. 


Average  Swelling  ratio  vs.  Time  for 
MSS#3P-l-io   in   activated   papain   vs. 
buffer.   10%  AA/ALB,  tp  =  1  hour,  10%  MA. 
The  high  and  low  values  represent  the 
first  standard  deviation. 
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Figure  4-76. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3T-l-io  in  unactivated  trypsin  vs 
buffer.   10%  AA/ALB,  tp  =  1  hour,  10%  MA. 
The  high  and  low  values  represent  the 
first  standard  deviation. 
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Figure  4-77. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3P-l-20   in   activated   papain   vs 
buffer.   20%  AA/ALB,  tp  =  1  hour,  10%  MA. 
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solubilized  in  345.3  hours.  Figure  4-78  shows  the  swelling 
and  degradation  behavior  of  the  20%  hydrogels  swelled  in 
unactivated  trypsin  and  in  the  PBS-NaN3  solution.  The 
unactivated  trypsin  hydrogels  reached  a  maximum  swelling 
ratioof  49  at  12  hours  of  exposure  and  then  completely 
solubilized  at  24  hours.  The  hydrogels  in  the  PBS-NaN3 
solution  reached  a  maximum  Q-value  of  71  at  24  hours  and  were 
completely  solubilized  at  201  hours. 

Figure  4-79  is  a  comparison  of  the  swelling  and  degradation 
behavior  of  30%  monomer  AA/ALB  hydrogels  which  were 
polymerized  for  1  hour.  These  gels  were  swelled  in  the 
activated  papain  solution  and  the  activating  solution  without 
papain.  The  swelling  behavior  of  the  hydrogels  was  virtually 
the  same  in  both  swelling  media  due  to  the  increased  monomer 
concentration.  Figure  4-80  shows  the  30%  hydrogels  swelled  in 
unactivated  trypsin  compared  with  the  hydrogel  swelled  in  PBS- 
NaN3  solution.  The  hydrogels  in  the  unactivated  trypsin 
showed  swelling  and  degradation  behavior  whereas  the  hydrogel 
in  the  PBS-NaN3  solution  only  showed  swelling  behavior. 

Figure  4-81  shows  40%  monomer  AA/ALB  hydrogels  swelled  in 
activated  papain  and  in  the  activating  solution  without 
papain.  The  hydrogels  in  both  swelling  media  have  similar 
swelling  patterns  as  hydrogels  in  the  activated  papain. 
However,  they  have  swelling  ratios  5-12  units  below  those  in 
the  activating  solution  without  papain.  There  was  no 
indication  of  degradation  occurring  before  the  SS  was 
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Figure  4-78. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3T-l-20  in  unactivated  trypsin  vs 
buffer.   20%  AA/ALB,  tp  =  1  hour,  10%  MA. 
The  high  and  low  values  represent  the 
first  standard  deviation. 
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Figure  4-79. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3P-l-30  in  activated  papain  vs 
buffer.  30%  AA/ALB,  tp  =  1  hour,  10%  MA. 
The  high  and  low  values  represent  the 
first  standard  deviation. 


210 


120 


MSS#3  30%  AA/ALB 

tp  =  1   H 


50 


100 


150  200 

TIME(HOURS) 


250 


300 


350 


TYRPSIN  AVG     □    TRYPSIN  HIGH     n    TRYPSIN  LOW 


BUFFER 


Figure   4-80. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3P-l-30  in  unactivated  trypsin  vs 
buffer.   30%  AA/ALB,  tp  =  1  hour,  10%  MA. 
The  high  and  low  values  represent  the 
first  standard  deviation. 
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Figure  4-81. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3P-l-40  in  activated  papain  vs 
buffer.  40%  AA/ALB,  tp  =  1  hour,  10%  MA. 
The  high  and  low  values  represent  the 
first  standard  deviation. 
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discontinued.  Figure  4-82  shows  40%  monomer  AA/ALB  hydrogels 
swelled  in  unactivated  trypsin  and  in  the  PBS-NaN3  buffer 
solution.  The  swelling  ratio  of  the  hydrogels  in  the 
unactivated  trypsin  solution  were  5-20  units  lower  than  the 
hydrogel  in  the  PBS-NaN3  solution.  There  was  no  indication  of 
degradation  in  the 

inactivated  trypsin  hydrogels  due  to  the  high  monomer  content. 
Figures  4-83  and  4-84  show  the  overall  swelling  and 
degradation  behavior  of  10%,  20%,  30%  and  40%  monomer  AA/ALB 
hydrogels  which  were  polymerized  for  4  hours  and  swelled  in 
activated  papain  and  the  activating  solution  without  papain, 
respectively.  Figures  4-85  and  4-86  show  the  hydrogels 
swelled  in  unactivated  trypsin  and  the  PBS-NaN3  solution, 
respectively. 

The  10%  monomer  AA/ALB  hydrogels  polymerized  for  4  hours 
are  shown  in  figure  4-87.  They  were  swelled  in  activated 
papain  and  in  the  activating  solution  without  papain.  The 
hydrogels  solubilized  completely  within  the  first  1.25  hours 
of  swelling  in  both  swelling  media.  Figure  4-88  shows  that 
the  hydrogels  swelled  in  the  unactivated  trypsin  solution 
solubilized  after  those  in  the  PBS-NaN3  solution. 

Figure  4-89  shows  the  swelling  and  degradation  behavior  of 
20%  monomer  AA/ALB  hydrogels  polymerized  for  4  hours  in 
activated  papain,  and  in  the  activating  solution  without 
papain.  The  swelling  behavior  was  similar  for  the  gels  in 
both  swelling  media  during  the  first  24  hours  of  swelling. 
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Figure  4-82. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3T-l-40  in  unactivated  trypsin  vs 
buffer.   40%  AA/ALB,  tp  =  1  hour,  10%  MA. 
The  high  and  low  values  represent  the 
first  standard  deviation. 


F?P? 


rt. 


214 


MSS#5  IN  PAPAIN  (20  mg/ml) 

10%  MA  tp  =  4  H 


120 


50  100  150  200  250  300  350 

TIME(HOURS) 


10%AA/ALB  -e-  20%AA/ALB  ^^  30%AA/ALB  -^  40%AA/ALB 


•■•^  ; 


Figure  4-83. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3P-4  in  activated  papain.  tp  =  4 
hours,  10%  MA. 
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Figure  4-84. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3PB-4  in  the  activating  solution  for 
papain,   tp  =  4  hours,  10%  MA. 
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Figure  4-85. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3T-4  in  unactivated  trypsin,  tp  =  4 
hours,  10%  MA. 
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Figure  4-86. 


Swelling  Ratio  vs  Time  for  MSS#3PB-4  in 
PBS-NaN3.   tp  =  4  hours,  10%  MA. 
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Figure  4-87. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3P-4-10   in   activated   papain   vs 
buffer.   10%  AA/ALB,  tp  =  4  hours,  10% 
MA.   The  high  and  low  values  represent 
the  first  standard  deviation. 
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Figure  4-88. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3T-4-lO  in  unactivated  trypsin  vs 
buffer.   10%  AA/ALB,  tp  =  4  hours,  10% 
MA.   The  high  and  low  values  represent 
the  first  standard  deviation. 
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Figure  4-89. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3P-4-20   in   activated   papain   vs 
buffer.   20%  AA/ALB,  tp  =  4  hours,  10% 
MA.   The  high  and  low  values  represent 
the  first  standard  deviation. 
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After  the  first  24  hours  the  Q  -values  of  the  hydrogels 
in  the  activated  papain  solution  began  to  decrease  and  were 
found  to  be  20  units  less  than  those  for  the  hydrogels  swelled 
in  the  activating  solution  without  papain.  The  swelling 
ratios  of  the  hydrogels  in  the  activated  papain  solution  were 
slowly  decreasing  up  until  the  SS  was  discontinued. 

Figure  4-90  compares  the  20%  monomer  AA/ALB  hydrogels 
swelled  in  the  unactivated  trypsin  with  those  swelled  in  the 
PBS-NaNj  solution.  The  hydrogels  in  the  unactivated  trypsin 
solution  had  swelling  ratios  much  less  than  the  hydrogel  in 
the  PBS-NaN3  solution.  The  former  gels  also  showed  degrada- 
tion  behavior  as  the  swelling  study  progressed  after  the  first 
24-hours  of  swelling.  The  PBS-NaN3  hydrogel  also  showed  a 
decrease  in  Q  as  the  swelling  study  progressed. 

Figure  4-91  shows  the  swelling  and  degradation  behavior  of 
30%  monomer  AA/ALB  hydrogels  swelled  in  activated  papain  and 
in  the  activating  solution  without  papain.  The  gels  in  the 
two  swelling  media  had  very  similar  behavior  and  there  was  no 
indication  of  degradation  before  the  SS  was  discontinued. 
Figure  4-92  shows  30%  monomer  TU^/ALB  hydrogels  swelled  in 
unactivated  trypsin  and  in  the  PBS-NaN3.  '^^^  hydrogels  in 
both  swelling  media  had  similar  swelling  behaviors  up  until 
201  hours  where  the  unactivated  trypsin  hydrogels  began  to 
decrease  in  Q^yg-values  more  rapidly  than  the  gel  in  the  PBS- 
NaN3  solution. 
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Figure  4-90. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3T-4-20  in  unactivated  trypsin  vs 
buffer.   20%  AA/ALB,  tp  =  4  hours,  10% 
MA.   The  high  and  low  values  represent 
the  first  standard  deviation. 
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Figure  4-91. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3P-4-30   in   activated   papain   vs 
buffer.   30%  AA/ALB,  tp  =  4  hours,  10% 
MA.   The  high  and  low  values  represent 
the  first  standard  deviation. 
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Figure  4-92. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3T-4-30  in  unactivated  trypsin  vs 
buffer.   30%  AA/ALB,  tp  =  4  hours,  10% 
MA.   The  high  and  low  values  represent 
the  first  standard  deviation. 
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Figure  4-93  shows  the  swelling  behavior  of  40%  monomer 
AA/ALB  hydrogels  swelled  in  activated  papain  and  in  the 
activating  solution  for  papain.    There  was  almost  no 
difference  between  the  swelling  behavior  of  the  hydrogels  in 
the  two  swelling  media  and  no  degradation  was  indicated  before 
the  SS  was  discontinued.   Figure  4-94  shows  the  40%  monomer 
AA/ALB  hydrogels  swelled  in  unactivated  trypsin  and  in  the 
PBS-NaN3  solution.  The  unactivated  trypsin  values  showed  Q  - 
values  which  were  higher  than  the  PBS-NaN3  solution  hydrogels 
up  until  201  hours  of  exposure.   After  this  the  trypsin 
hydrogels  showed  the  beginning  of  degradation  behavior.  There 
was  no  indication  of  degradation  in  the  PBS-NaN3  9els  before 
the  SS  was  discontinued. 

Figures  4-95  and  4-96  show  the  overall  swelling  and  degra- 
dation behavior  of  the  hydrogels  polymerized  for  14  hours  and 
swelled  in  activated  papain  and  in  the  activating  solution 
without  papain.  Figures  4-97  and  4-98  shows  the  same  for  the 
hydrogels  swelled  in  unactivated  trypsin  and  in  the  PBS-NaN3 
solution,  respectively.  Figure  4-99  compares  the  swelling  and 
degradation  behavior  of  the  10%  monomer  AA/ALB  hydrogels 
swelled  in  activated  papain  with  those  swelled  in  the 
activating  solution  without  papain.  Overall,  the  gels  in  both 
swelling  media  had  similar  swelling  patterns  but  the  Q  - 
values  for  the  gels  in  activated  papain  were  lower  than  those 
of  the  gels  in  the  activating  solution  without  papain. 
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Figure  4-93. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3P-4-40   in   activated   papain   vs 
buffer.   40%  AA/ALB,  tp  =  4  hours, 
10%   MA.     The   high   and   low  values 
represent  the  first  standard  deviation. 
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Figure  4-94. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3T-4-40  in  unactivated  trypsin  vs 
buffer.   40%  AA/ALB,  tp  =  4  hours,  10% 
MA.   The  high  and  low  values  represent 
the  first  standard  deviation. 
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Figure  4-95. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3P-14  in  activated  papain.  tp  =  14 
hours,  10%  MA. 
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Figure  4-96. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3PB-14  in  the  activating  solution  for 
papain,   tp  =  14  hours,  10%  MA. 
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Figure  4-97. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3T-14  in  unactivated  trypsin.  tp  = 
14  hours,  10%  MA. 
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Figure  4-98. 


Swelling  Ratio  vs  Time  for  MSS#3TB-14  in 
PBS-NaN3.   ^P  =  ^^  hours,  10%  MA. 
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Figure  4-99. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3P-14-10   in   activated   papain   vs 
buffer.   10%  AA/ALB,  tp  =  14  hours, 
10%   MA.     The   high   and   low  values 
represent  the  first  standard  deviation. 
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Figure  4-100  shows  that  the  hydrogels  which  were  swelled  in 
the  PBS-NaN3  solution  solubilized  much  sooner  than  those  in 
the  unactivated  trypsin  solution. 

Figure  4-101  compares  the  swelling  and  degradation  behavior 
of  20%  monomer  AA/ALB  hydrogels  (tp  =  14  hours)  in  activated 
papain  with  that  in  the  activating  solution  without  papain. 
The  Qgyg-values  in  both  solutions  were  very  high  and  the 
swelling  patterns  were  very  similar  in  both  solutions.   Both 
hydrogels  showed  an  indication  of  slow  degradation  behavior. 
Figure  4-102  shows  that  the  20%  monomer  AA/ALB  hydrogels 
swelled  in  unactivated  trypsin  had  swelling  ratios  which  were 
much  less  (60-80  units)  than  those  in  the  PBS-NaN3  solution. 
The  patterns  of  swelling  and  degradation  were  the  same  with 
both  of  them  showing  degradation  after  the  first  24  hours  of 
swelling. 

Figure  4-103  shows  the  30%  monomer  AA/ALB  hydrogels  (tp  = 
14  hours)  swelled  in  activated  papain  and  in  the  activating 
solution  without  papain.  The  activated  papain  hydrogels  had 
swelling  ratios  which  were  10  units  lower  than  those  in  the 
activating  solution  without  papain  after  the  first  12  hours  of 
swelling.  The  activated  papain  hydrogels  showed  slight 
degradation  behavior  after  201  hours  of  swelling.  The 
hydrogels  in  the  activating  solution  without  papain  showed  no 
indication  of  degradation.  Figure  4-104  shows  that  the  30% 
monomer  AA/ALB  hydrogels  swelled  in  the  two  swelling  media  had 
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Figure  4-100. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3T-14-10  in  unactivated  trypsin  vs 
buffer.   10%  AA/ALB,  tp  =  14  hours, 
10%   MA.     The   high   and   low  values 
represent  the  first  standard  deviation. 
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Figure  4-101. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3P-14-20   in   activated   papain  vs 
buffer.   20%  AA/ALB,  tp  =  14  hours, 
10%  MA.     The  high  and   low  values 
represent  the  first  standard  deviation. 
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Figure  4-102. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3T-14-20  in  unactivated  trypsin  vs 
buffer.   20%  AA/ALB,  tp  =  14  hours, 
10%   MA.     The   high   and   low  values 
represent  the  first  standard  deviation. 
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Figure  4-103. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3P-14-30   in   activated   papain   vs 
buffer.   30%  AA/ALB,  tp  =  14  hours, 
10%   MA.     The   high   and   low  values 
represent  the  first  standard  deviation. 
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Figure   4-104, 


Average  Swelling  Ratio  vs  Time  for 
MSS#3T-14-30  in  unactivated  trypsin  vs 
buffer.   30%  AA/ALB,  tp  =  14  hours,  10% 
MA.   The  high  and  low  values  represent 
the  first  standard  deviation. 
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very  similar  swelling  patterns  until  201  hours  of  swelling 
after  which  the  unactivated  trypsin  hydrogel  began  to  degrade 
rapidly. 

Forty  percent  monomer  AA/ALB  hydrogels  which  were 
polymerized  for  14  hours  and  swelled  in  activated  papain  and 
the  activating  solution  without  papain  are  shown  in  figure 
4-105.  The  hydrogels  in  the  two  swelling  media  had  very 
similar  swelling  behavior  and  showed  no  indication  of 
degradation.  The  swelling  ratios  were  also  much  lower  than 
those  found  in  the  20%  and  30%  hydrogels  (tp  =  14  hours). 
Figure  4-106  shows  the  40%  monomer  AA/ALB  hydrogels  (tp  =  14 
hours)  swelled  in  unactivated  trypsin  and  in  the  PBS-NaN3 
solution.  The  hydrogels  in  the  unactivated  trypsin  solution 
completely  solubilized  after  345.3  hours  of  exposure  to  the 
unactivated  trypsin  solution.   The  hydrogel  in  the  PBS-NaN3 

solution  showed  only  slow  degradation  behavior. 

The  hydrogels  polymerized  for  24  hours  (10%,  20%,  30%  and 
40%)  which  were  swelled  in  activated  papain  and  in  the 
activating  solution  without  papain  are  shown  in  figures  4-107 
and  4-108,  respectively.  These  were  swelled  in  unactivated 
trypsin  and  in  PBS-NaN3  and  are  shown  in  figures  4-109  and 
4-110,  respectively. 

Figure  4-111  compares  the  swelling  and  degradation  behavior 
of  the  10%  monomer  hydrogels  (tp  =  24  hours)  swelled  in 
activated  papain  and  in  the  activating  solution  without 
papain.  The  swelling  ratios  of  the  activated  papain  hydrogels 
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Figure  4-105. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3P-14-40   in   activated   papain   vs 
buffer.   40%  AA/ALB,  tp  =  14  hours, 
10%  MA.     The  high  and   low  values 
represent  the  first  standard  deviation. 
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Figure  4-106. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3T-14-40  in  unactivated  trypsin  vs 
buffer.   40%  AA/ALB,  tp  =  14  hours,  10% 
MA.   The  high  and  low  values  represent 
the  first  standard  deviation. 
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Figure  4-107. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3P-24  in  activated  papain.  tp  =  24 
hours,  10%  MA. 
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MSS#3  TRIS-HCI,  EDTA,  CYSTEINE,  NaN3 

10%  MA        tp  =  24  H 
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-■-  10%AA/ALB  -e-  20%AA/ALB  "^^  30%AA/ALB  -A-  40%AA/ALB 


Figure  4-108.    Average   Swelling   Ratio   vs   Time   for 

MSS#3PB-24  in  the  activating  solution  for 
papain,   tp  =  24  hours,  10%  MA. 
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MSS#3  IN  TRYPSIN  (10  mg/ml) 

10%  MA        tp  =  24  H 
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TIME(HOURS) 
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-»-  10%AA/ALB  -e-  20%AA/ALB  -^^  30%AA/ALB  -A-  40%AA/ALB 


Figure  4-109.    Average   Swelling   Ratio   vs   Time   for 

MSS#3T-24  in  unactivated  trypsin, 
tp  =  24  hours,  10%  MA. 
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120 


MSS#3  IN  PBS,  NaN3 

10%  MA        tp  =  24  H 


J- 


150  200 

TIME(HOURS) 


350 


---  10%AA/ALB  -B-  20%AA/ALB  ^^  30%AA/ALB  -^r-  40%AA/ALB 


Figure  4-110.    Swelling  Ratio  vs  Time  for  MSS#3TB-24  in 

PBS-NaN3.   tp  =  24  hours,  10%  MA. 


(;■■ 


y'y- 


246 


120 


MSS#3    10%  AA/ALB 

10%  MA        tp  =  24  H 
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Figure  4-111. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3P-24-10   in   activated   papain  vs 
buffer.   10%  AA/ALB,  tp  =  24  hours,  10% 
MA.   The  high  and  low  values  represent 
the  first  standard  deviation. 
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were  5-15  units  lower  than  those  in  the  activating  solution 
without  papain.  Slight  indications  of  degradation  were 
present  in  the  hydrogels  in  the  two  swelling  media.  The 
swelling  patterns  in  both  solutions  were  very  similar.  Figure 
4-112  shows  10%  monomer  AA/ALB  hydrogels  (tp  =  24  hours)  which 
were  swelled  in  unactivated  trypsin  and  in  the  PBS-NaN3 
solution.  The  gels  in  both  solutions  showed  degradation 
behavior. 

Figure  4-113  shows  the  swelling  and  degradation  behavior 
of  20%  monomer  AA/ALB  hydrogels  (tp  =  24  hours)  swelled  in 
activated  papain  and  in  the  activating  solution  without 
papain.  The  hydrogels  in  the  two  solutions  exhibited  the  same 
swelling  patterns  with  the  activated  papain  hydrogels  having 
smaller  (10  units  smaller)  Q^yg-values  than  those  in  the 

activating  solution  without  papain.  Very  slight  degradation 
was  shown  by  a  small  decrease  in  Q^yg  with  time  in  both 

swelling  media.  Figure  4-114  shows  the  swelling  and 
degradation  behavior  of  20%  monomer  AA/ALB  hydrogels  swelled 
in  unactivated  trypsin  and  in  the  PBS-NaN3  solution.  The 
swelling  and  degradation  patterns  of  the  gels  in  both  media 
were  very  similar,  and  their  Q  -values  were  similar.  There 
was  little  indication  of  degradation,  although  some  of  the 
samples  showed  significant  volume  loss. 

The  30%  monomer  AA/ALB  hydrogels  which  were  polymerized  for 
24  hours  and  swelled  in  activated  papain  and  in  the  activating 
solution  without  papain  are  shown  in  figure  4-115.   The 
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MSS#3    10%  AA/ALB 

10%  MA        tp  =  24  H 
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Figure  4-112. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3T-24-10  in  unactivated  trypsin  vs 
buffer.   10%  AA/ALB,  tp  =  24  hours, 
10%  MA.     The  high  and   low  values 
represent  the  first  standard  deviation. 
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MSS#3     20%  AA/ALB 

10%  MA        tp  =  24  H 
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Figure  4-113. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3P-24-20  in  activated  papain. 
20%  AA/ALB,  tp  =  24  hours,  10%  MA.   The 
high  and  low  values  represent  the  first 
standard  deviation. 
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Figure  4-114. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3T-24-20  in  unactivated  trypsin  vs 
buffer.   20%  AA/ALB,  tp  =  24  hours,  10% 
MA.   The  high  and  low  values  represent 
the  first  standard  deviation. 
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MSS#3     30%  AA/ALB 

10%  MA        tp  =  24  H 
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Figure  4-115, 


Average  Swelling  Ratio  vs  Time  for 
MSS#3P-24-30   in   activated   papain  vs 
buffer.   30%  AA/ALB,  tp  =  24  hours,  10% 
MA.   The  high  and  low  values  represent 
the  first  standard  deviation. 
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swelling  ratios  and  patterns  were  very  similar  and  there  was 
no  indication  of  degradation.  Figure  4-116  shows  that  the  30% 
monomer  hydrogels  had  similar  swelling  and  degradation 
behaviors  and  similar  swelling  behaviors  until  after  201  hours 
of  swelling  where  the  hydrogels  in  the  unactivated  trypsin 
degraded  at  a  faster  rate  than  those  in  PBS-NaN3.  Slight 
degradation  was  also  shown  in  the  PBS-NaN3  after  200.75  hours. 
Figure  4-117  compares  the  swelling  and  degradation  behavior  of 
40%  monomer  AA/ALB  hydrogels  (tp  =  24  hours)  swelled  in  the 
activated  papain  solution  to  those  swelled  in  the  activating 
solution  without  papain.  The  swelling  patterns  of  the  gels  in 
both  swelling  media  were  very  similar  and  there  was  only  a 
very  slight  indication  of  degradation  in  both  of  the  gels. 
Figure  4-118  shows  the  swelling  and  degradation  behavior  of 
the  40%  monomer  AA/ALB  hydrogels  swelled  in  unactivated 
trypsin  and  in  the  PBS-NaN3  solution.   The  hydrogels  in  both 

swelling  media  exhibited  similar  swelling  patterns  up  until 
201  hours  of  swelling  after  which  the  unactivated  trypsin 
hydrogels  began  to  degrade  at  a  faster  rate.  The  unactivated 
trypsin  hydrogels  had  swelling  ratios  20-30  units  lower  than 
those  in  the  PBS-NaN^  solution. 
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Figure  4-116, 


Average  Swelling  Ratio  vs  Time  for 
MSS#3T-24-30  in  unactivated  trypsin  vs 
buffer.   30%  AA/ALB,  tp  =  24  hours,  10% 
MA.   The  high  and  low  values  represent 
the  first  standard  deviation. 
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MSS#3     40%  AA/ALB 

10%  MA        tp  =  24  H 
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Figure  4-117. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3P-24-40   in   activated   papain   vs 
buffer.   40%  AA/ALB,  tp  =  24  hours,  10% 
MA.   The  high  and  low  values  represent 
the  first  standard  deviation. 
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Figure  4-118. 


Average  Swelling  Ratio  vs  Time  for 
MSS#3T-24-40  in  unactivated  trypsin  vs 
buffer.   40%  AA/ALB,  tp  =  24  hours, 
10%  MA.     The  high  and   low  values 
represent  the  first  standard  deviation. 


256 
4.3.2.   Ultraviolet  Spectroscopy  of  the  Swelling  Media. 

Ultraviolet  spectrosopy  was  used  to  analyze  the  swelling 
media  removed  from  hydrogel  discs  after  a  given  time  interval 
in  SS's  5,  6,  12,  13,  and  14.  In  SS#5  (figure  4-119)  and  SS#6 
(figure  4-120)  the  maximum  absorbance  vs.  time  of  swelling 
graphs  showed  that  there  was  more  degradation  of  the  discs  at 
RT  (figure  4-121)  than  at  37°C  (figure  4-122) .  The  maximum 
absorbances  for  the  RT  swelling  media  were  higher  than  those 
for  the  37°C  swelling  media  for  those  samples  taken  during  the 
first  24  hours  of  swelling.  All  of  the  swelling  media  from 
the  discs  in  SS#5  and  SS#6  showed  a  decrease  in  the  peak 
absorbance  from  hour  1  to  hour  12 .  After  12  hours  there  was 
an  increase  in  their  maximum  absorbances  to  values  which  were 
nearly  the  same  as  the  peak  absorbances  present  in  the 
swelling  media  from  the  first  hour  of  swelling.  A  leveling 
off  of  the  maximum  absorbances  occurred  after  24  hours  up 
until  48  hours.  After  48  hours  the  maximum  absorbances  began 
to  differ  as  a  function  of  the  swelling  temperature  and 
degassing  of  the  monomer  solution  from  which  the  hydrogel 
discs  were  polymerized.  Overall,  SS#5  had  higher  maximum 
absorbances  than  SS#6  when  the  hydrogel  discs  were  swelled  at 
37°C.   This  was  due  to  the  increased  diffusion  at  the  higher 

temperature  and  to  less  crosslinking  of  the  polymer  chains 
with  MA  (SS#5) .   This  indicated  that  more  polymer  was  being 
released  from  the  hydrogel  discs  in  SS#5  at  37°C.   The 
swelling  media  from  SS's  5  and  6  at  RT  had  comparable  maximum 
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DEGRADATION  STUDY  FROM  SS#5 

ABSORBANCE  VS  TIME(HRS) 


20        40        60        80        100       120      140       160       180 
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81    25C^^84    25C-B-87    37C -^  90    37C 


Figure  4-119. 


Maximum  Absorbance  vs.  Time  for  UV 
Spectroscopy  of  the  swelling  media  from 
SS#5. 
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DEGRADATION  STUDY  FROM  SS#6 

ABSORBANCE  VS  TIME(HRS) 
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Figure  4-120. 


Maximvun  Absorbance  vs.  Time  for  UV 
Spectroscopy  of  the  swelling  media  from 
SS#6. 


,  ^4 


259 


:f       - 


DEGRADATION  STUDY  SS#5  AND  SS^^B 

ABSORB ANCE  VS  TIME(HRS)    25  C 
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Figure  4-121.    Maximum  Absorbance   vs.   Time   for  UV 

Spectroscopy  of  the  swelling  media  from 
SS#5  and  SS#6  (RT) . 
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DEGRADATION  STUDY  SS#5  AND  SS#6 

ABSORBANCE  VS  TIME(HRS)  37  C 


0         20        40        60        80       100      120      140       160       180 

TIME(HOURS) 


87  SS#5  -B-90  SS#5  ^^99  SS#6  -»-  102  SS#6 


'■.^'■' 


Figure  4-122 


Maximum  Absorbance  vs.  Time  for  UV 
Spectroscopy  of  the  swelling  media  from 
SS#5  and  SS#6  (37°C) . 
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absorbances  for  the  most  part.  The  discs  from  the  monomer 
solutions  which  had  been  degassed  held  their  shape  which  had 
not  been  degassed.  The  hydrogel  discs  from  SS#5  (non- 
degassed)  began  to  degrade,  while  the  hydrogel  discs  from  SS#6 
continued  to  swell  throughout  the  duration  of  the  study. 
Higher  Q^y.-values  were  also  found  in  the  degassed  hydrogel 

discs  at  both  RT  and  37°C. 

In  SS#12  (figure  4-123)  the  UV  maximum  absorbances  for  the 
swelling  media  from  hydrogel  discs  swelled  at  RT  were  much 
lower  than  those  swelled  at  37°C.   There  was  more  degradation 

of  the  discs  swelled  at  37°C  due  to  increased  diffusion  of  the 
dextran  and  PAA  out  of  the  discs.  Overall,  the  swelling  media 
from  the  discs  showed  fluctuations  in  the  maximum  absorbances 
during  the  first  10  days  of  swelling.  After  the  first  10  days 
the  maximum  absorbances  increased  steadily  indicating  a 
constant  dissolution  of  PAA  and  MD  from  the  discs. 

During  the  first  10  days  of  swelling  the  wavelengths  at 
which  the  maximum  absorbances  occurred  showed  many 
fluctuations  at  both  temperatures.  After  about  13  days  the 
wavelengths  for  all  of  the  swelling  medium  were  very  close  to 
each  other  between  197  nm  and  201  nm  (for  AA  Xjj^^^  =  200  nm  and 
^max  ~  10,000).  Figures  4-124  through  4-127  show  graphs  of 
the  maximum  absorbance  vs.  time  and  the  wavelength  vs.  time 
for  the  individual  swelling  media  from  samples  165,  168, 
171, and  174,  respectively.  «   , 
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DEGRADATION  STUDY  FOR  SS#12 

PEAK  ABSORBANCE  VS  TIME(HRS) 


100   200   300   400   500   600   700   800   900 
TIME(HRS) 


165  25C-B-168  25C  -^<-  171  37C  ^  174  37C 


Figure  4-123.    Maximum   Absorbance   vs.   Time   for   UV 

Spectroscopy  of  the  swelling  media  from 
SS#12. 
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SAMPLE  165 

PEAK  ABSORBANCE  VS  TIME(HRS) 
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Figure  4-124. 


Maximum  Absorbance  vs.  Time  and 
Wavelength  vs.  Time  for  UV  Spectroscopy 
of  the  swelling  medium  from  sample  165  in 
SS#12  (RT) . 
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SAMPLE  168 

PEAK  ABSORBANCE  VS  TIME(HRS) 
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Figure  4-125, 


Maximum  Absorbance  vs.  Time  and 
Wavelength  vs.  Time  for  the  swelling 
medium  from  sample  168  in  SS#12  (RT) . 


265 


-^ 


SAMPLE  171 

ABSORBANCE  VS  TIME(HRS) 
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Figure  4-126.    Maximum    absorbance    vs.    Time    and 

Wavelength  vs.  Time  for  the  swelling 
medium  from  sample  171  in  SS#12  (37°C) . 
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SAMPLE  174 

PEAK  ABSORBANCE  VS  TIME(HRS) 
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Figure  4-127. 


Maximum  absorbance  vs.  Time  and 
Wavelength  vs.  time  for  the  swelling 
medium  from  sample  174  in  SS#12  (37°C) . 
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The  swelling  media  from  the  hydrogel  discs  in  SS#13  (figure 
4-128)  were  found  to  have  lower  maximum  absorbances  at  RT  than 
at  37°C,  due  to  increased  diffusion  of  PAA  and  MA  at  the 
elevated  temperature.  Fluctuations  in  the  wavelengths  of  the 
maximum  absorbances  occurred  throughout  the  first  10  days  of 
swelling  as  in  SS#12.  The  wavelengths  of  the  maximum 
absorbances  of  the  swelling  media  from  discs  swelled  at  RT 
were  longer  than  those  swelled  at  37°C.  After  10  days  the 
wavelengths  of  the  maximum  absorbances  at  both  temperatures 
were  nearly  the  same.  Figures  4-129  through  4-132  show  the 
maximum  absorbance  vs.  time  and  the  wavelength  vs.  time  for 
the  individual  swelling  media  from  samples  177,  180,  183,  and 
186  (SS#13) ,  respectively. 

The  swelling  media  from  the  discs  swelled  in  SS#14  had 
maximum  absorbances  from  discs  swelled  at  RT  which  were  lower 
than  those  from  discs  swelled  at  37°C.  This  was  due  to  the 
increased  diffusion  of  PAA  and  MD  from  the  hydrogel  discs  at 
the  elevated  temperature.  Similar  trends  were  seen  as  those 
that  were  found  in  SS#12  and  SS#13. 

4.3.3.    Gel  Permeation  Chromatography  of  the  Swelling  Media 
and  the  Hydrogels  Autoclaved  with  1  M  HCl. 

A  calibration  curve  (figure  4-133)  was  generated  from  5  PEG 

standards,  using  the  SEC  Programs  Advanced  Edition  computer 

program.   The  calibration  curve  was  used  to  calculate  the 

molecular  weights  of  the  degradation  products  in  the  swelling 

media,  and  the  molecular  weights  of  the  solutions  of  the 
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DEGRADATION  STUDY  FOR  SS#13 

PEAK  ABSORBANCE  VS  TIME(HRS) 
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Figure  4-128.    Maximxim  Absorbance   vs.   Time   for  UV 

Spectroscopy  of  the  swelling  media  from 
SS#13. 
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SAMPLE  177 

PEAK  ABSORBANCE  VS  TIME(HRS) 
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Figure  4-129, 


Maximum  Absorbance  vs.  Time  and 
Wavelength  vs.  Time  for  the  swelling 
medium  from  sample  177  in  SS#13  (RT) . 
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SAMPLE  180 

PEAK  ABSORBANCE  VS  TIME(HRS) 
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Figure  4-130. 


Maxiniim  Absorbance  vs.  Tine  and 
Wavelength  vs.  Time  for  the  swelling 
medium  from  sample  180  in  SS#13  (RT) . 
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SAMPLE  183 

PEAK  ABSORBANCE  VS  TIME(HRS) 
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Figure  4-131. 


Maximum  Absorbance  vs.  Time  and 
Wavelength  vs.  Time  for  the  swelling 
medium  from  sample  183  in  SS#13  (37°C) . 
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SAMPLE  186 

PEAK  ABSORBANCE  VS  TIME(HRS) 
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Figure  4-132. 


Maximum  Absorbance  vs.  Time  and 
Wavelength  vs.  Time  for  the  swelling 
medium  from  sample  186  in  SS#13  (37°C) . 
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hydrogels  discs  which  were  autoclaved  in  1  M  HCl  at  100°C  for 
-24  hours.  Many  samples  were  analyzed  on  the  Waters  HPLC 
using  ultrapure  water  as  the  eluent.  The  molecular  weights  of 
.,  the  degradation  product  in  the  swelling  media  from  the  SS'S 
were  found  to  be  between  4,000  and  30,000.  Figures  4-134  and 
4-135  show  examples  of  the  chromatographs  of  the  swelling 
media.  The  molecular  weights  of  the  solutions  from  the 
hydrogels  discs  which  had  been  autoclaved  in  1  M  HCl  were 
found  to  be  between  3,000  and  12,000.  Examples  of  the 
»  '  chromatographs  of  the  solutions  from  the  hydrogel  discs 
treated  with  1  M  HCl  are  shown  in  figures  4-136  and  4-137. 

Knowledge  of  the  MW  of  the  degradation  products  was 
important  to  insure  the  ability  of  the  host  to  eliminate  them. 

'"  PAA  and  PNVP  are  not  hydrolyzed  in  a  living  organism  so  the 
kidney  would  have  to  eliminate  the  PAA  or  PNVP  polymer  chains. 
If  the  polymer  chains  have  MW's  which  are  higher  than  the  MWCO 
of  the  kidney  (68,000  for  proteins),  problems  with  a  long 
residence  time  might  occur.   The  molecular  weights  of  the 

'>.  degradation  products  in  these  studies  were  well  below  this  MW, 
thus  making  them  suitable  for  use  in  a  living  organism. 
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Figure  4-134. 


Chromatograph  of  the  swelling  medium  from 
sample  87  in  SS#5.  This  sample  was  taken 
after  3  hours  of  swelling. 
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30^  AA/ALB  AUTOCLAUED  IN  IN  HCl 

tp  =  1  HRS 
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Figure  4-135. 


Chromatograph  of  the  swelling  medium  from 
sample  99  in  SS#6.  This  sample  was  taken 
after  3  hours  of  swelling. 
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40^  AA/ALB    AUTOCLAUED  IN   IN  HCl 

tp  =  24  MRS 
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Figure  4-136. 


Chromatograph  of  the  solution  from  the 
40%  monomer  AA/ALB  disc.  (tp  =24  hours) 
which  was  autoclaved  in  1  M  HCl  at  100°C 
for  24  hours. 
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lO'/l  AA/DEX    AUTOCLAUED  IN   IN  HCl 

tp  =  21  ms 
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Figure  4-137. 


Chromatograph  of  the  solution  from  the 
10%  monomer  AA/DEX  disc  which  was 
autoclaved  in  1  M  HCl  at  100°C  for  24 
hours . 
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4.4   Summary  and  Conclusions  ' 

■i 
Degradable  hydrogels  with  a  wide  range  swelling  and 

degradation  properties  can  be  solution  polymerized  by  varying 
the  concentrations  of  the  components  of  the  monomer  solution. 
Sparging  of  the  monomer  solution  with  N2  gas  to  displace  O2 
and  CO2  promoted  more  efficient  crosslinking  of  the  3-D 
hydrogel  network  because  of  improved  percent  conversion  as 
noted  by  Odian  (52)  .  The  absence  of  Oo  and  CO2  allowed  longer 
polymer  chains  to  form  since  it  was  not  there  to  scavange  the  | 
free  radicals  which  are  formed  by  ammonium  persulfate  or  7- 
irradiation.  Sparging  also  caused  less  diffusion  of  the  low 
molecular  weight  species  such  as  PAA  and  MA  out  of  the 
hydrogel  discs  during  the  first  12  hours  of  swelling  and 

caused  less  diffusion  at  the  latter  stages  at  37°C.   More      3 

1 
diffusion  occurred  at  37°C  than  at  RT  in  degassed  hydrogels.      ' 

In  non-degassed  hydrogels  there  was  more  diffusion  out  of  the 
hydrogel  discs  at  RT. 

Control  AA/APS  hydrogels  without  crosslinking  agents  which 
were  polymerized  for  1  hour  were  found  to  solubilize  within  6 
-  8  hours  after  exposure  to  the  swelling  medium.  Acrylic 
acid/NVP  hydrogels  polymerized  with  APS  behaved  in  a  similar 
manner  as  the  AA/APS  controls  due  to  reaction  of  the  APS  with 
NVP  as  stated  by  Schulz  (51). 

There  must  be  an  adequate  balance  between  the  amount  of 
self-crosslinking  of  the  PAA  and  PNVP  polymer  chains  and  the 


-'i 


m-  •.-  ■  t 


280 


1 
amount  of  crosslmking  produced  by  the  MA  or  MD  in  order  to      j 


produce  a  useful  degradable  hydrogel.  If  the  self -crosslink 
density  of  the  PAA  or  PNVP  chains  is  too  high  the  hydrogels 
will  not  degrade.  If  the  amount  of  self-crosslinking  is  too 
low  the  hydrogels  will  degrade  too  soon.  A  very  low 
concentration  of  MA  or  MD  will  cause  the  hydrogels  to  degrade 
too  soon  as  well. 

Thirty  and  40%  monomer  AA/ALB  hydrogels  (3%  MA)  which  were 
polymerized  for  12  -  22  hours  did  not  degrade  when  they  were 
autoclaved  with  1  M  HCl  at  100°C  for  24  hour  because  of  the 

high  self -crosslink  density  of  the  PAA  chains.  This  high 
stability  indicates  that  a  stable  bond  such  as  carbon-carbon 
(alkyl)  or  C-O-C  (ether)  was  formed.  A  20%  monomer  AA/ALB  (3% 
MA)  hydrogel  and  a  40%  monomer  AA/APS  control  hydrogel  without 
MA  or  MD  did  not  degrade  for  the  same  reason.  The  hydrogels 
which  degraded  completely  by  autoclaving  were  the  10%,  20%, 
30%  and  40%  AA/ALB  hydrogels  which  were  polymerized  for  1 
hour,  the  10%  AA/ALB  hydrogels  polymerized  for  4  and  12  hours, 
the  30%  AA/APS  control  hydrogels  which  was  polymerize  for  1 
hour,  and  the  40%  monomer  NVP/ALB  and  NVP/DEX  hydrogels  which 
were  7  polymerized  (0.20  Mrad)  .  The  hydrogels  which  partially 
degraded  were  the  20%,  30%,  and  40%  hydrogels  which  were 
polymerized  for  4  hours,  the  20%  monomer  AA/ALB  and  AA/DEX 
hydrogels  which  were  polymerized  for  6  hours,  the  20%  monomer 
AA/ALB  hydrogel  which  was  polymerized  for  12  hours,  and  the 
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10%  monomer  AA/ALB  and  AA/DEX  hydrogels  which  were  polymerized 

for  24  hours. 

The  swelling  and  degradation  behaviors  of  the  different      \ 

hydrogels  were  investigated  closely  in  MSS#1,  MSS#2,  and  MSS#3 

Table  4-5  summarizes  the  results  and  predicts  which  hydrogels 
I  ^       would  be  best  suitable  for  use  as  degradable  hydrogels.      i 
\        Further  study  needs  to  be  done  to  determine  the  effects  of 

changing  the  concentration  of  the  MA  or  MD  from  3%  to  10%. 

From  this  study  the  only  comparisons  that  can  be  made  are  from 

the  results  from  MSS#1  in  PBS  and  MSS#3  in  PBS-NaN-,.  Table  4-      1 

.  .  \ 

6  compares  the  swelling  and  degradation  behavior  of  3%  MA  and      1 
10%  MA  hydrogels  where  twj^\   is  termed  as  the  time  that  it  takes 
<^        for  the  hydrogel  to  solubilize  completely. 
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Table  4-5 
Hydrogels  Suitable  for  Use  as  Degradable  Hydrogels 

Trypsin  fact)    Trypsin funact)  Papain  fact) 


10% 

monomer 

tp 

=  1 

h 

, 

3% 

MA 

US 

US 

NOT 

TESTED 

'. 

10% 

MA 

NOT 

TESTED 

US 

US 

10% 

monomer 

tp 

=  4 

h 

3% 

MA 

US 

US 

NOT 

TESTED 

10% 

MA 

NOT 

TESTED 

US 

US 

10%  monomer  tp  =12 , 14  h 

3%  MA             S 

S 

NOT  TESTED 

10%  MA          NOT  TESTED 

u 

S 

10% 

3% 

10% 

monomer 

MA 

MA 

tp 

=  24  h 
S 

NOT  TESTED 

S 

s 

NOT 

TESTED 
S 

■I 

20% 

3% 

10% 

monomer 

MA 

MA 

tp 

=  1  h 

SS 
NOT  TESTED 

SS 
SS 

NOT 

TESTED 

■i 

20% 

3% 

10% 

monomer 

MA 

MA 

tp 

=  4  h 
S 

NOT  TESTED 

s 

S 

NOT 

TESTED 
S 

', 

20% 

3% 

10% 

monomer 

MA 

MA 

tp 

=12,14  h 
SS 

NOT  TESTED 

s 

SL 
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TESTED 
S 

«,_■■ 

20% 

3% 

10% 

monomer 

MA 

MA 

tp 

=  24  h 
S 

NOT  TESTED 

s 

NOT 

TESTED 
U 

30% 

3% 

10% 

monomer 

MA 

MA 

tp 

=  1  h 

SS 
NOT  TESTED 

SS 

s 

NOT 

TESTED 
SL 

J 

30% 

3% 

10% 

monomer 

MA 

MA 

tp 

=  4  h 
S 

NOT  TESTED 

SS 
SS 

NOT 

TESTED 
U 

30% 

3% 

10% 

monomer 

MA 

MA 

tp 

=  12,14  h 

U 
NOT  TESTED 

u 
s 

NOT 

TESTED 
U 
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Table  4-5  (continued) 
Hydrogels  Suitable  for  Use  as  Degradable  Hydrogels 


30%  monomer  tp  =  24  h 
3%   MA  U 

10%  MA  NOT  TESTED 


U 

s 


NOT  TESTED 
U 


40%  monomer  tp  =  1  h 
3%  MA  S 

10%  MA  NOT  TESTED 


UL 
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UL 
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3%   MA  SS 

10%  MA  NOT  TESTED 


S 
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SL 
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UL 


40%  monomer  tp  =  24  h 
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SS 


SUITABLE  FOR  USE  AS  DEGRADABLE  HYDROGELS 

SUITABLE  FOR  USE  AS  DEGRADABLE  HYDROGELS 
IN  SHORT  TERM  APPLICATIONS 


SL 


SUITABLE  FOR  USE  AS  DEGRADABLE  HYDROGELS 
IN  LONG  TERM  APPLICATIONS 


U 


UNSUITABLE    FOR    USE    AS    DEGRADABLE 
HYDROGELS 


US 


UNSUITABLE    FOR    USE    AS    DEGRADABLE 
HYDROGELS  BECASUE  THEY  DEGRADE  TOO  SOON 


UL 


UNSUITABLE    FOR    USE    AS    DEGRADABLE 
HYDROGELS   BECAUSE   THEY   DID   NOT   SOW 
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Table  4-6 
Comparison  of  the  3%  MA  and  10%  MA  Hydrogels 

Polymerization  Time  =  1  H 


10%  AA/ALB 

^1(3)  - 

^I(IO) 

Q(3) 

>  Q(io) 

20%  AA/ALB 

tl(3)  » 

tl(lO) 

Q(3) 

<  Q(io) 

30%  AA/ALB 

^1(3)  < 

^1(10) 

Q(3) 

=  Q(io) 

40%  AA/ALB 

^1(3)  ^"^ 

^I(IO)  ^^^   ^®  comparable, 

Q(3) 

»  Q(io) 

Polymerization  Time  =  4  H 

10%  AA/AT,B 

^1(3)  > 

^I(IO) 

Q(3) 

=  Q(io) 

20%  AA/ALB 

ti(3)  and 

tjQQ\  may  be  comparable, 

Q(3) 

«  Q(iO) 

30%  AA/ALB 

ti(3)  and 

^I(IO)  ^^^   ^®  comparable. 

Q(3) 

»  Q(io) 

40%  AA/ALB 

ti(3)  and 

tjQQ)  may  be  comparable. 

Q(3) 

»  Q(io) 

Polymerization  Time  =  12.14  H 

10%  AA/ALB 

tl(3)  » 

^1(10) 

Q(3) 

>  Q(iO) 

20%  AA/ALB 

^1(3)  ^^^ 

t|QO)  may  be  comparable. 

Q(3) 

»  Q(io) 

30%  AA/AT.R 

ti(3)  and 

"^I(IO)  ^^^   ^®  comparable. 

Q(3) 

«  Q(io) 

40%  AA/AT.B 

tj(3)  and 
Polvmer 

tjQQN  may  be  comparable, 
ization  Time  =  24  H 

Q(3) 

=  Q(iO) 

10%  AA/ALB 
20%  AA/ALB 
30%  AA/ALB 
40%  AA/ALB 
t 


t|/3)  and   Wjo)  niay  be  comparable. 


ti(3)  and 
ti(3)  and 


-1(10) 
-1(10) 


may  be  comparable, 
may  be  comparable. 


t|/3\  and       ^um  niay  be  comparable. 


Q(3)  >  Q(10) 

Q(3)  >  Q(10) 

Q(3)  =  Q(10) 

Q(3)  >  Q(i0) 


j/^^  =  lifetime  of  the  hydrogel  with  crosslinking  agent 
concentration  of  x%. 

Q/jjX  =  maximvim  swelling  ratio  recorded  in  the  hydrogel 
with  a  crosslinking  agent  concentration  of  x%. 
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The  molecular  weights  of  the  degradation  products  from  the 
hydrogel  discs  were  less  than  the  MWCO  for  the  kidney 
(68,000).    The  MW's  were  determined  by  gel  permeation 
chromatography . 
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CHAPTER  5 
SUMMARY,  CONCLUSIONS  AND  FUTURE  WORK 

5.1  Summary 

■  , .  '•.«'■'■ 

The  goal  of  this  study  was  to  synthesize  and  characterize      ^ 

degradable  hydrogels  for  eventual  use  in  tissue  scaffolds.  It 

was  desired  for  these  hydrogels  to  degrade  within  2-4  weeks 

to  provide  adequate  protection  of  the  scaffolds  from  the 

inflammatory  response.   The  hydrogels  were  synthesized  from      i 

water  soluble  monomers  AA  and  NVP  with  an  alkylated  albumin  or 

dextran  as  a  crosslinking  agent,  APS  or  7-irradiation  as  the 

initiator  and  PBS  as  the  solvent.   The  steps  to  realize  the 

goals  of  the  study  were: 

1)  Modification  and  purification  of  the  albumin  or 
dextran   with   glycidyl   acrylate   to   produce 
enzyme  degradable  crosslinking  agents. 

2)  Characterization  of  the  modified  albumin  and 
modified  dextran  with  FT-IR  and  NMR  to  verify 
the  success  of  the  modification. 

3)  Synthesis  of  AA/MA,  AA/MD,  NVP/MA,  and  NVP/MD 
hydrogels   by   thermal   polymerization  with  APS 

and  7-irradiation.  v-'^ 

4)  Characterization  of  the  swelling  and  .  vj* 
degradation  behavior  of  the  hydrogels  which 

were  synthesized  by  swelling  in  PBS,  trypsin, 
papain  and  their  activating  solutions. 

5)  Determination  of  the  molecular  weight  of  the 
degradation  products   from  the   hydrogel   discs 
which  were  swelled  in  the  various  media. 
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The  modification  of  the  albumin  and  dextran  was  proven  to 

be  successful  by  FT-IR  and  NMR.   Thermal  polymerizations  of 

AA/MA  and  AA/MD  with  APS  were  successful  and  hydrogels  with  a 

wide  variety  of  swelling  and  degradation  properties  were 

produced.    Hydrogels  of  AA  were  also  synthesized  by  7- 

polymerization  as  well.    Attempts  to  polymerize  NVP/ALB 

hydrogels  by  thermal  polymerization  were  unsuccessful.  Gamma 

polymerization  of  NVP  with  MA  or  MD  was  accomplished.  j 

''i 
The  swelling  and  degradation  behavior  of  the  hydrogels      -^ 

was  characterized  by  swelling  the  hydrogel  discs  in  PBS, 
activated  papain,  activated  trypsin,  trypsin  in  PBS,  1  M  HCl, 
PBS-NaN3  and  TRIS-HCl  buffer.  Swelling  ratios  (Q)  of  the 
hydrogels  at  certain  time  intervals  were  calculated  to  monitor 
the  swelling  and  degradation  behavior  of  the  hydrogels. 
Acrylic  acid/MA,  AA/MD,  NVP/MA  and  NVP/MD  hydrogels  were  found 
to  degrade  in  the  presence  of  activated  papain,  activated 
trypsin,  unactivated  trypsin  in  PBS-NaN3,  and  in  1  M  HCl  at 
100°C  for  24  hours.  The  degradable  hydrogels  synthesized  were 
found  to  have  degraded  within  1  day  to  4  weeks  depending  on  >' 
their  composition. 

5.2   Conclusions 

Degradable  polymer  hydrogels  with  a  wide  variety  of 
compositions    and    properties    were    synthesized    and 
characterized.  Bovine  serum  albumin  (BSA)  and  dextran  can  be     i 
successfully   modified   to   form   crosslinking   agents   by 
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alkylation  with  glycidyl  acrylate  (GA)  as  shown  by  Park  (5) . 
The  modification  was  verified  by  FT-IR  and  NMR  which  showed 
evidence  that  the  GA  was  covalently  bonded  to  these  natural 
polymers.  Degradable  hydrogels  of  AA/MA  and  AA/MD  were 
polymerized  by  7  and  thermal  polymerization.  N-vinyl 
pyrrolidone/MA  and  NVP/MD  hydrogels  were  pol^Tnerized 
successfully  by  7-irradiation  only.  Hydrogels  which  were 
synthesized  can  be  used  for  a  wide  variety  of  applications  due 
to  the  wide  range  of  swelling  and  degradation  properties  they 
possess.  This  wide  variety  of  properties  was  produced  by 
variation  in  the  concentrations  of  the  components  (monomer, 
crosslinking  agent,  solvent,  initiator)  of  the  monomer 
solution  and  by  varying  the  time  of  polymerization. 

The  AA/ALB  hydrogels  which  were  polymerized  for  12  or  24 
hours  (30%,  40%)  were  predicted  to  be  unsuitable  for  use  as 
degradable  hydrogels  because  of  excessive  resistance  to 
degradation.  The  10%  hydrogels  which  were  polymerized  for 
less  than  12  hours  were  unsuitable  as  degradable  hydrogels 
because  they  degraded  too  soon.  The  rest  of  the  hydrogels  are 
suitable  for  short  term  to  long  term  applications. 

Both  activated  trypsin  and  unactivated  trypsin  degraded 
the  hydrogel  discs  more  readily  than  papain  or  the  control 
buffer  solutions.  There  was  also  interaction  of  the  CaCl2  in 
the  activated  papain  with  the  PAA  that  caused  shrinkage  of  the 
PAA  in  the  hydrogel  discs  in  addition  to  the  cleavage  of  the 
MA  crosslinks  by  the  trypsin.   Since  Ca"'"'*'  is  present  in 
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living  organisms,  this  may  give  an  indication  of  how  the  AA/MA 
and  AA/MD  hydrogels  will  react  in  a  biological  environment. 

Figure  5-1  shows  a  typical  Q^yg  vs.  time  plot  for  the 
degradable  hydrogels.  The  Q^-value  represents  the  maximum 
swelling  ratio  achieved.  The  time  it  takes  to  reach  Q^,  is 
given  by  t^.  The  degradation  time  (t^j)  is  the  time  that  it 
takes  for  a  Q^yg-value  of  1/e  times  the  Qj^  to  be  reached. 
Figure  5-2  shows  the  variation  of  Qj„  with  the  volume  fraction 
of  monomer  present  in  the  hydrogels  from  MSS#1  in  PBS  (3%  MA) 
at  polymerization  times  of  1  hour  (low  conversion)  and  12 
hours  (high  conversion) .  At  low  conversion  (tp  =  1  hour)  the 
Qjjj  was  found  to  increase  as  the  volvime  fraction  (V^)  of 
monomer  was  increased.  This  increase  in  Qjj,  was  probably  due 
to  the  ability  to  form  longer  polymer  chains  because  of  the 
increase  in  the  concentration  of  monomer.  At  high  conversion 
(tp  =  12  hours)  the  Q^^  increased  as  the  volume  fraction  of 
monomer  increased  from  0.1  (10%)  to  0.3  (30%)  and  decreased  at 
Vf  =  0.4.  As  the  concentration  of  the  monomer  was  increased 
in  these  high  conversion  hydrogels  beyond  30%,  the  crosslink 
density  increased  and  in  turn  caused  a  decrease  in  the  amount 
of  swelling  that  occur.   Figure  5-3  shows  the  dependence  of 
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Qm  VS  VOLUME  FRACTION  MONOMER 

MSS#1    IN  PBS 

180 


0.25 
Vf   MONOMER 


A A/ALB  tp=1   H 


AA/ALB  tp=12  HRS 


Figure  5-2. 


Maximum  Average  Swelling  Ratio  (Q^)  vs. 
Volume  Fraction  (V^)  of  Monomer.  MSS#1  in 
PBS.  This  is  a  comparison  of 
polymerization  times  of  1  hour  and  12 
hours . 
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TIME  TO  Qm  VS  Vf  MONOMER 

MSS#1    IN  PBS 


600 


0.1 


0.15 


0.2  0.25  0.3 

Vf   MONOMER 


0.35 


AA/ALB(1  H)     -A-  AA/ALB(1 2H) 


Figure  5-3.  Time  to  Qj^  vs.  Volume  Fraction  of 
Monomer.  MSS#1  in  PBS.  3%  MA.  This  is  a 
comparison  of  polymerization  times  of  1 
and  12  hours. 
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the  time  (t^j)  that  it  takes  to  reach  0^  on  the  Vf  of  monomer 
present.  At  low  conversion  the  tjjj  generally  increases  with 
an  increase  in  V^.  At  high  conversion  the  tj^  increases  with 
an  increase  in  V^  of  monomer  from  0.10  to  0.30.  The  decrease 
in  the  t^  for  the  hydrogels  with  the  Vf  of  0.40  was  probably 
due  to  their  higher  crosslink  density  as  indicated  by  their 
low  Qqj  in  figure  5-2.  Figure  5-4  shows  the  dependence  of  tj 
on  the  V^  of  the  monomer  at  low  conversion  (tp  =  1  hour)  in 
PBS  and  activated  trypsin.  Here  it  can  be  seen  that 
degradation  occurred  sooner  in  the  hydrogels  which  were 
exposed  to  the  activated  trypsin.  The  hydrogels  PBS  for  the 
most  part  showed  an  increase  in  degradation  time  with  an 
increase  in  V^  of  monomer.  The  hydrogels  in  PBS  showed  a 
linear  increase  in  t^  with  an  increase  in  V^. 

Figure  5-5  shows  the  dependence  of  t^j  on  the  V^  of  the 
monomer  at  high  conversion  (tp  =  12  hours)  in  PBS  and 
activated  trypsin.  The  hydrogels  which  were  exposed  to 
activated  trypsin  degraded  much  sooner  than  those  in  PBS.  The 
hydrogels  with  V^'s  of  0.20  and  greater  in  PBS  did  not  degrade 

before  the  SS  was  discontinued. 

Hydrogels  from  MSS#3T  were  polymerized  with  10%  MA  as 
opposed  3%  MA  in  MSS#1  and  MSS#2.  Figure  5-6  shows  the 
dependence  of  Qj„  on  the  concentration  of  the  monomer  in  PBS- 
NaN3.  The  results  at  low  conversion  (tp  =  1  hour)  were 
different  from  those  found  in  the  3%  MA  hydrogels.   Above  a 
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DEGRADATION  TIME  VS  Vf  MONOMER 

PBS  VS  ACTIVATED  TRYPSIN  tp  =   1    H 
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Figure  5-4. 


Degradation  Time  (t^j)  vs.  Volume  Fraction 
of  Monomer.  3%  MA,  tp  =  1  hour.  This  is 
a  comparison  of  t^  in  PBS  and  trypsin. 
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DEGRADATION  TIME  VS  Vf  MONOMER 

PBS  VS  TRYPSIN  tp  =  1  2  H 
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Figure  5-5. 


Degradation  Time  vs.  Volume  Fraction  of 
Monomer.  3%  MA,  tp  =  12  hours.  This  is 
a  comparison  of  t^j  in  PBS  and  trypsin. 
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Qm  VS  Vf  MONOMER 

MSS#3T  IN  PBS-NaN3 
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Figure  5-6, 


Maximum  Average  Swelling  Ratio  vs.  Volume 
Fraction  of  Monomer.  MSS#3T  in  PBS-NaN3. 
10%  MA.  This  is  a  comparison  of  polymer- 
ization times  of  1  and  14  hours. 
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volume  fraction  of  0.20  the  Qj^j  was  nearly  constant.   At  high 

conversion  (tp  =  14  hours)  there  was  an  increase  in  Qj^  as  t^e 

Vf  increased  from  0.10  to  0.20.   As  the  V^  was  increase  above 

0.20  the  Qm  decrease  due  to  an  increase  in  the  crosslink 

density. 

The  tjjj  for  the  hydrogels  which  were  polymerized  for  1 

hour  in  MSS#3T  was  found  to  increase  with  an  increase  in  V^ 

from  0.10  to  0.30  (figure  5-7).   The  t^^  of  the  hydrogels  at 

a  Vr  of  0.40  was  found  to  be  the  same  as  those  with  a  V^  of 

0.30.   At  high  conversion  (tp  =  14  hours)  the  t^^  had  a  very 

similar  dependence  on  V^  of  monomer  as  found  in  the  3%  MA 

hydrogels  from  MSS#1  in  PBS;  however  the  t^  for  the  hydrogels 

with  a  Vf  of  0.30  was  6  times  lower  than  the  3%  MA  hydrogels 

from  MSS#1. 

Figure  5-8  shows  a  comparison  of  the  degradation  times  of 
hydrogels  from  MSS#T  in  PBS-NaN3  vs.  unactivated  trypsin.  The 
tj  for  the  hydrogels  which  were  polymerized  for  1  hour  were 
found  to  increase  with  the  V^  of  monomer  in  trypsin.  The  t^ 
increased  with  V^  of  monomer  in  PBS-NaN3  as  well  but  the 
hydrogels  with  V^'s  0.30  and  0.40  did  not  degrade  before  the 
swelling  study  was  discontinued.  Figure  5-9  shows  the  t^j  as 
a  function  of  V^  for  the  hydrogels  which  were  polymerized  14 
hours  and  compares  their  behavior  in  PBS-NaN3  and  unactivated 
trypsin.   Only  the  hydrogels  with  a  V^  of  0.10  degraded  when 
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Figure  5-7. 


Time  to  Qq,  vs.  Volxime  Fraction  of  Monomer 
in     PBS-NaN3.  10%     MA     .         This     is     a 

comparison   of   polymerization   times   of    1 
and  14  hours. 
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DEGRADATION  TIME  VS  Vf  MONOMER 

PBS-NaN3  VS  TRYPSIN  (10%  MA) 
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Figure  5-8. 


Degradation  Time  vs.  Voliime  Fraction  of 
Monomer.  10%  MA,  tp  =  1  hour.  This  is  a 
comparison  of  t^j  in  PBS-NaN3  and  trypsin. 
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DEGRADATION  TIME  VS  Vf  MONOMER 

PBS-NaN3  VS  TRYPSIN  tp  =  1  4H  (10%MA) 
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Figure  5-9, 


Degradation  Time  vs.  Volxme  Fraction  of 
Monomer.  10%  MA,  tp  =  14  hours.  This  is 
a  comparison  of  t^  in  PBS-NaN3  and 
trypsin. 
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they  were  exposed  to  PBS.  The  others  did  not  degrade  before 
the  swelling  study  was  discontinued.  There  was  an  increase  in 
tj  in  the  hydrogels  in  trypsin  as  the  V^  of  the  monomer  was 
increased  from  0.10  to  0.20.  The  t^j  decreased  as  the  V^  of 
monomer  was  increased  from  0.20  to  0.40. 

The  molecular  weight  of  the  degradation  products  in  the 
swelling  media  from  the  hydrogel  discs  was  determined  by  gel 
permeation  chromatography  to  be  less  than  the  MWCO  for  the 
kidney  (68,000). 

5.3  Future  Work 

Future  work  for  continuation  of  this  study  are  suggested 
as  follows: 

1)  Studies  for  the  determination  of  the  molecular 
weight  between  crosslinks  (9,  38). 

2)  Synthesis  of  AA/NVP  copolymer  hydrogels  7- 
irradiation. 

■■.V 

3)  More  swelling  studies  comparing  behavior  of  the 
hydrogels  polymerized  with  3%  crosslinking 
agent  (MA  and  MD)  and  10%  crosslinking  agents 
in  the  various  swelling  media  (activated 
papain,  activated,  trypsin,  unactivated 
trypsin,  and  the  activating  solutions  without 
the  enzymes) . 

4)  SEM  studies  to  look  at  the  surface  structure 
and  porosity  of  the  hydrogels  which  have  been 
swelled  in  PBS,  activated  trypsin,  unactivated 
trypsin,   activated  papain,   and  the  activating 
solutions  without  the  enzymes  (53) . 

5)  Swelling  studies  in  pseudoextrcellular  fluid 
which  consists  of  NaCl,  KCl,  TRIS  buffer,  Ca(Ac)2, 
H2O,  MgS04,  7H2O,  Na2HP04,  and  NaN3  (21). 

6)  Subcutaneous  implantation  of  the  polymer 
hydrogels  in  rats  for  biocompatibility 
evaluation. 
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9) 

10) 
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7)  Implantation  of  hydrogels  in  the  peritoneal 
cavity  of  rats  to  study  their  swelling  and 
degradation  behavior  in  vivo. 

8)  Swelling  studies  of  hydrogels  polymerized 
around  natural  tissue  scaffolds. 

Fabrication  of  degradable  hydrogel  conduits. 

Determination  of  the  tensile  strength  of  the 
hydrogels . 
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APPENDIX 
Appendix  of  Chemical  Formulas 
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Acrylic  Acid  Poly  (acrvlic  acid) 
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P9IY  (R  -  malic  acid) 


fO-CH-CH2-Ci-n 
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Hvdroxvethvl  Methacrvlate 
CH3  O 
CH2=C  -C-O-CH2-CH2-OH 

Glyceryl  Metlacrvlate 

CH3  O 
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CHj-C  —  C-O-CH2-CH-CH2OH 

OH 


Aminpt^thYl  Methacrvlate 
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4H^. 
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B  -  methvl  -  L  -  aspartate 
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Arginine 
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Sodium  Phosphate 
Dibasic  Heptahvdrate 

Na2HP04  •  7  HgO 


Glycine 
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HgN-CHj-C-OH 


Sodium  Phosphate 
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Sodium  Chloride 
NaCI 


Carboxvlate  Anion 


Sodium  Hydroxide 
NaOH 

Hydrochloric  Acid 
HCI 


Potassium  Bromide 
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